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ABSTRACT  OF  THE  DISSERTATION 


LOCALIZED  FLOW  CONTROL  WITH  ENERGY  DEPOSITION 

By  Russell  G.  Adelgren 


Dissertation  Director: 
Professor  Gregory  S.  Elliott 


A  series  of  experiments  with  energy  deposition  via  laser-induced  optical  breakdown  of  air,  i.e.,  a  laser 
spark,  have  been  performed.  These  experiments  have  demonstrated  the  possibility  of  using  a  laser  spark 
for  supersonic  flow  control  A  focused  NdrYAG  laser  (pulse  time  of  10  nanoseconds,  pulse  frequency  of 
10  Hz,  and  capable  of  energy  levels  up  to  600  milli-Joules  per  pulse)  was  used  to  create  the  energy 
deposition  laser  spark.  This  laser  energy  deposition  was  then  tested  in  quiescent  air,  upstream  of  a  Mach 
3.45  sphere  with  and  without  shock  impingement,  into  shock  structures  within  the  dual  solution  domain, 
and  into  a  compressible  shear  layer. 

In  the  first  of  these  experiments,  Rayleigh  scattering  flow  visualization  was  taken  for  energy  deposition 
into  quiescent  air.  A  time  sequence  of  images  showed  the  post  breakdown  fluid  motion  created  by  the  laser 
spark  for  different  laser  energy  levels.  Blast  wave  radius  and  wave  speed  measurements  were  made  and 
correlated  to  five  different  laser  energy  deposition  levels.  Pressure  probe  measurements  of  the  propagating 
blast  wave  were  made  for  two  different  laser  energy  deposition  levels.  The  blast  wave  measurements 
correlate  well  with  the  numerical  simulations.  However,  the  intrusive  pressure  probe  measurements' 
differed  by  40%  from  the  model  and  this  is  attributed  to  shock  reflections  off  of  the  probe  surface. 

Laser  energy  was  deposited  upstream  of  a  sphere  in  Mach  3.45  flow.  The  energy  was  deposited  one 
sphere  diameter  and  0.6  diameters  upstream  of  the  front  of  the  sphere.  The  frontal  surface  pressure  on  the 
sphere  was  recorded  as  the  laser  spark  perturbed  region  interacted  with  the  flow  about  the  sphere.  Tests  for 
three  different  energy  levels  and  two  different  incident  laser  beam  diameters  were  completed.  Schlieren 
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images  were  also  taken  of  the  flow  and  correlated  in  time  to  the  surface  pressure  measurements.  In 
addition,  surface  heat  transfer  and  temperature  measurements  were  made  of  the  interaction  process.  The 
surface  temperature  and  heat  transfer  measurements  were  made  with  instrumentation  designed  and 
constructed  in-house.  Radiation  heating,  blast  wave  heating,  and  thermal  heating  effects  were  measured  as 
the  laser  energy  deposition  upstream  of  the  Mach  3.45  sphere  interacted  with  the  steady  state  flow 
structure.  Two  deposition  locations  of  0.6  and  1.0  diameters  upstream  and  single  and  double  pulses  were 
investigated  with  the  heat  transfer  instrumentation.  Moreover,  laser  energy  was  deposited  upstream  of  the 
sphere  subjected  to  an  Edney  Type  IV  shock/shock  interaction.  The  surface  pressure  on  the  sphere  was 
measured  and  correlated  in  time  to  shadowgraph  images  taken  of  the  flow  interaction  process.  Two 
locations  of  energy  deposition  were  investigated  with  the  surface  pressure  measurements.  Surface  heat 
transfer  and  temperature  measurements  were  also  made  on  the  sphere  with  the  Edney  Type  IV  shock/shock 
interaction.  Two  deposition  locations  with  single  and  double  discharges  were  investigated  with  the  heat 
transfer  instrumentation  for  the  sphere  with  shock  impingement.  A  significant  effect  on  the  flow  for  laser 
spark  energy  deposition  has  been  demonstrated  for  these  experimental  cases  described.  It  has  been 
demonstrated  that  the  peak  surface  pressure  associated  with  the  Edney  IV  interaction  can  be  momentarily 
reduced  by  30%  by  the  interaction  with  the  thermal  spot  created  by  the  laser  spark. 

The  effects  of  laser  energy  deposition  on  another  shock  interaction  phenomena  were  studied.  Laser 
energy  deposition  was  used  to  modify  the  shock  structure  formed  by  symmetric  wedges  at  Mach  3.45 
within  the  dual  solution  domain.  Various  energy  deposition  locations  were  studied,  and  two  different 
wedge  spans  were  tested.  Schlieren  images  were  taken,  phase  locked  to  the  time  of  energy  deposition,  and 
used  to  visualize  the  time  sequence  of  flow  events.  Experimental  and  numerical  results  were  compared  for 
one  test  case.  It  was  demonstrated  experimentally  that  the  Mach  reflection  could  be  reduced  by  80% 
momentarily.  The  numerical  simulations  show  a  transition  from  the  stable  Mach  reflection  to  a  stable 
regular  reflection. 

Two  energy  deposition  methods  (electric  arcing  and  laser  energy  deposition)  were  used  to  force  and 
control  compressible  mixing  layers  of  axisymmetric  jets.  The  energy  deposition  forcing  methods  have 
been  experimentally  investigated  with  the  schlieren  technique,  particle  image  velocimetry,  Mie  scattering, 
and  static  pressure  probe  diagnostic  techniques.  Two  jets  perfectly  expanded  with  nozzle  exit  Mach 


numbers  of  0.85  and  1.38  were  tested  and  examined  with  schlieren  imaging  for  electric  arc  frequencies 
ranging  from  1-18  kHz.  Similar  structures  were  observed  for  comparable  Strouhal  numbers  between  the 
subsonic  and  supersonic  jets.  The  Mach  1.38  jet  shear  layer  was  forced  with  a  single  pulse  laser  energy 
deposition.  The  large-scale  structure  forced  with  the  laser  perturbation  was  characterized  with  schlieren 
imaging,  measurements  of  the  velocity  and  vorticity  fields,  and  the  pressure  history.  The  core  and  braid 
regions  were  identified  and  correlated  with  the  pressure  data.  The  single  pulse  laser  perturbation  was 
demonstrated  as  an  effective  way  to  induce  large-scale  structures  in  a  compressible  shear  layer.  It  was 
demonstrated  that  the  laser  spark  (capable  of  40  mJ/pulse)  was  more  effective  at  inducing  a  large-scale 
structure  than  the  electric  arc  (capable  of  1  mJ/pulse)  in  the  compressible  shear  layer. 
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energy  deposition  1.0  diameter  upstream  and  on  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283 
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above  the  centerline  axis,  40,  50,  60,  and  70  ps  after  laser  energy  deposition,  283  mJ/pulse,  150  mm 

focal  length  lens . 192 

Figure  5.61  Instantaneous  argon/laser  generated  schlieren  images  of  Mach  3.45  sphere  with  Edney  Type 
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XXIV 


Figure  5.63  Instantaneous  argon/laser  generated  schlieren  images  of  Mach  3.45  sphere  with  Edney  Type 
IV  shock  impingement  and  with  laser  energy  deposition  1.0  diameter  upstream  and  0.45  diameters 
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If  there  had  been  any  question  that  the  airplane  was  going  to  come 
back  in  that  shape,  we  never  would  have  flown  it. 

Jack  Kolf 

X-15  Project  Engineer 

Statement  on  the  Oct.  3, 1967  X-15A-2  test  flight 
[69] 


Chapter  1 
Introduction 


1.1  Motivation 

On  October  3,  1967,  NASA  test  pilot  “Pete”  Knight  flew  the  X-15A-2  (see  Figure  1.1)  to  an  altitude  of 
102,700  feet  and  to  Mach  6.7.  This  flight  would  set  a  speed  record  for  a  winged-vehicle  that  would  stand 
until  the  first  orbital  return  of  the  Space  Shuttle  in  1981.  [69] 

However,  this  hypersonic  test  flight  of  the  X-15A-2  was  not  without  incident.  Nearly  catastrophic 
damage  occurred  to  the  aircraft  due  to  severe  aerothermodynamic  loading  caused  by  shock  impingement. 
[16,  69,  146,  147]  During  this  test  flight,  an  oblique  shock  generated  from  the  leading  edge  of  a  dummy 


Figure  1.1  X-15A-2  flight  test  vehicle  launch  from  B-52  aircraft,  note  the  external  fuel  tanks  were 
jettisoned  at  Mach  2  (photo  courtesy  of  NASA) 
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Figure  1.2  Hypersonic  research  engine  dummy  model  mounted  on  X-15A-2  ventral  fin  (photo  courtesy  of 
NASA) 

hypersonic  research  engine  model  (see  Figure  1.2)  and  the  main  wing  leading  edge  impinged  on  the  model 
support  pylon.  The  pylon  supporting  the  model  was  the  ventral  fin  on  the  bottom  of  the  X-15A-2  (see 
Figure  LI).  The  subsequent  Edney  Type  IV  [33]  shock/shock  interaction  (see  Section  2.4.1)  led  to  severe 
bum  damage  of  the  pylon  skin.  This  damage  occurred  approximately  160  seconds  into  the  test  flight  and 
completely  burned  through  the  Inconel  skin  (Iconel  has  a  melting  temperature  of  2800  degrees  Fahrenheit). 
Figure  1.3  shows  the  severity  of  the  bum  damage  caused  by  the  shock  impingement,  and  Figure  1.4  shows 
the  flow  with  shock  structures  around  the  vehicle  simulated  in  a  subsequent  wind  tunnel  test.  [16] 

Furthermore,  the  heat  generated  by  the  shock  impingement  was  conducted  through  the  skin  and 
airframe  structure,  and  this  heat  prematurely  set  off  three  of  four  explosive  separation  bolts  holding  the 
engine  model  to  the  ventral  fin.  The  fourth  bolt  failed  prior  to  landing  causing  the  model  to  separate  from 
the  fin  and  crash  to  the  ground.  The  premature  firing  of  the  bolts  and  the  separation  of  the  engine  model 
shows  how  close  the  X-15A-2  came  to  in-flight  catastrophic  failure  due  to  the  severe  aerothermal  loading 
caused  by  the  shock  impingement.  Jack  Kolf  dramatically  underscored  this  proximity  with  disaster  (see 
quote  on  page  1). 

The  resulting  bum  damage  caused  by  the  aerothermal  loads  encountered  on  this  Mach  6.7  test  flight  of 
the  X-15A-2  vividly  emphasizes  the  necessity  for  proper  flow  control  at  high  speeds.  By  proper  design 
(body  shaping,  thermal  protection  materials,  etc.)  hypersonic  aerospace  vehicles  would  account  for  severe 
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aerothermal  loading  at  design  conditions.  However,  there  is  a  need  for  a  robust  flow  control  mechanism  to 

handle  off  design  conditions  such  as  gust  response  or  an  unplanned  maneuver  condition.  For  instance,  a 

vehicle  in  hypersonic  flight  might  encounter  atmospheric  gust,  respond,  and  have  a  flow  situation  where  an 

off  nominal  design  shock  impingement  occurred  on  the  aircraft.  If  there  were  a  system  to  perturb  the  flow 

momentarily  to  reduce  the  severity  of  the  aerothermal  loading,  the  survivability  of  the  aircraft  would  be 

significantly  enhanced.  The  last  pilot  to  fly  the  X-15,  William  Dana,  wrote,  [28] 

The  first  lesson  from  the  X-15  is  to  make  the  airplane  robust.  ... 

Examples  exist  of  where  the  X-15  survived  a  major  stress  in  spite  of 
operating  with  a  major  malfunction. 


The  robustness  of  the  X-15  made  it  a  great  test  program.  The  design  margins  allowed  the  X-15  not  only  to 
overcome  severe,  unforeseen  conditions,  but  to  also  be  used  for  a  myriad  of  flight  test  experiments,  not  all 
of  which  were  originally  considered  by  the  X-15  designers.  [69]  Likewise,  the  robustness  of  future  high 
speed  aerospace  vehicles  will  be  a  critical  factor  in  their  survivability,  both  technically  and  politically. 

More  recently,  aerothermal  loading  was  identified  as  a  technical  issue  during  the  design  phases  of  the 
National  AeroSpace  Plane  (NASP).  [143]  Analysis  showed  the  heat  transfer  rate  to  the  engine  inlet 

cowling  to  be  on  the  order  of  1.2xl09W/m2  when  at  hypersonic  flight  conditions  and  due  to  a 

shock/shock  interaction  at  the  inlet  cowl  lip  (see  Figure  1 .6). 

As  a  point  of  reference,  the  entire  output  of  a  moderate-size  nuclear 
power  plant  would  be  required  to  provide  this  heating  rate  to  a  1-m2 
piece  of  material 


Wie  et  al  [143] 


This  simple  analogy  gives  a  feeling  for  the  severity  and  the  extremeness  of  the  aerothermal  loading 
associated  with  shock  impingements.  Furthermore,  the  NATO  Research  Technology  Organization  recently 
studied  the  shock  impingement  problem  as  one  of  the  critical  flow  phenomena  for  hypersonic  flight.  [76, 
58, 49] 

Energy  deposition  could  be  an  in-flight  mechanism  used  to  mitigate  such  an  extreme  pressure  and  heat 
load  associated  with  the  Edney  IV  phenomena.  For  instance,  severe  aerothermal  loads  encountered  due  to 
unforeseen  conditions,  such  as  a  pitch  up  of  the  vehicle  due  to  gust,  could  be  controlled  through  energy 
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Figure  1.3  X-15A-2  ventral  fin  shock  impingement  damage  after  Mach  6.7  test  flight  (photos  courtesy  of 
NASA) 


deposition  into  the  flow.  This  would  be  an  example  of  a  dynamic,  robust,  and  localized  flow  control 


system. 


In  addition  to  the  extreme  aerothermal  loads  due  to  shock  impingements  encountered  in  high  speed 
flight  conditions,  other  critical  engine  inlet  conditions  are  encountered  on  vehicles  (see  Figure  1.5) 
operating  in  the  hypersonic  flight  regime.  Two  other  such  critical  flow  issues  are  the  compression  of  the  air 
in  the  engine  inlet,  and  the  mixing  of  the  fuel  and  air  for  combustion  (see  Figure  1.6).  Because  of  the 
critical  operation  of  high  speed  engines  at  extreme  flight  conditions,  proper  flow  control  must  be  carefully 
taken  into  account. 
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Figure  1.4  X-15  wind  tunnel  test  (photo  courtesy  of  NASA) 


Figure  1.5  Hyper-X  (X-43)  vehicle  (image  courtesy  of  NASA) 

Dynamic  flow  control  by  energy  deposition  has  recently  gained  widespread  interest.  Knight  et  al  [77] 
recently  surveyed  research  efforts  where  aerodynamic  flow  control  was  obtained  by  energy  deposition. 
They  reviewed  recent  research  efforts  focused  on  the  possibility  of  using  energy  deposition  for  drag 
reduction,  modification  of  shock  structures,  and  MHD  control 
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Researchers  [18,  78,  99,  109,  118,  140]  have  studied  the  possibility  of  using  energy  deposition  as  a 
means  of  global  flow  control,  i.e.,  drag  reduction  of  a  supersonic  body  by  means  of  energy  deposition.  On 
the  other  hand,  energy  deposition  could  also  be  used  to  modify  localized  flow  problems.  For  instance, 
critical  flow  areas  on  a  high  speed  aerospace  vehicle  such  as  the  X-43  are  shown  in  Figure  1.6.  Energy 
deposition  could  be  used  in  a  localized  manner  to  control  the  flow  about  these  critical  areas. 


Figure  1.6  Potential  flow  control  areas  on  high  speed  aerospace  vehicle 

High  speed  aircraft  might  use  shocks  to  decelerate  the  flow  in  the  inlet  of  the  vehicle  such  as  die  Hyper- 
X  (see  Figure  1.5  and  Figure  1.6).  The  ability  to  control  the  shock  structures  is  critical  to  the  performance 
of  the  engine.  For  example,  at  Mach  5  the  total  pressure  downstream  of  a  regular  reflection  with  an 
incident  shock  angle  of  35°  is  4.5  times  greater  than  downstream  of  a  normal  shock.  The  stagnation 
pressure  and  the  pressure  recovery  as  the  flow  decelerates  through  the  inlet  are  critical  to  the  operation  of 
high  speed  engines.  Energy  deposition  could  be  used  to  control  the  shock  structures  within  the  inlet  for 
optimal  inlet  conditions. 

Moreover,  fuel/oxidizer  mixing  through  high  speed  engine  chambers  is  critical  for  efficient  combustion. 
Enhanced  mixing  and  efficient  combustion  are  necessary  for  the  successful  operation  of  high  speed 
engines.  Energy  deposition  could  be  used  to  enhance  this  fuel/oxidizer  mixing  process  and,  therefore, 
enhance  the  combustion. 

The  application  of  energy  deposition  for  local  flow  control  would  require  low  power  in  terms  of  the 
energy  deposition  into  the  flow.  These  lower  power  requirements  translate  to  small,  low  weight  energy 
generation  systems,  i.e.,  small  lasers  with  optics  or  small  electric  arc  units  both  with  their  appropriate 
control  systems.  Therefore,  these  smaller  systems  have  real  near-term  potential  applications  for  localized 
flow  control.  In  addition,  the  use  of  a  laser  facilitates  the  ability  to  modify  the  flow  remotely  from  a 
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vehicle.  For  instance,  it  would  eliminate  the  need  to  have  electrodes  protruding  into  the  flow  to  induce  an 
electrically  generated  discharge. 

1.2  Research  Objectives 

Research  was  undertaken  to  investigate  the  potential  of  using  energy  deposition  for  local  flow  control  in 
the  areas  highlighted  in  the  previous  section.  An  experimental  and  computational  effort  was  put  forth  for 
this  investigation.  However,  this  dissertation  focuses  mainly  on  the  experimental  results.  As  part  of  this 
research  effort  four  flow  types  were  investigated. 

First,  the  laser  energy  deposition  into  quiescent  air  was  characterized.  The  blast  wave  propagation 
speed  was  measured  with  schlieren  and  Filtered  Rayliegh  scattering.  Pressure  probe  measurements  were 
made.  Flow  geometry  parameters  of  energy  deposition  volume  were  measured  and  energy  absorption 
levels  were  measured.  These  measurements  were  made  in  an  effort  to  verify  and  validate  the  on-going 
computational  modeling  development  of  the  laser  energy  deposition  physics. 

Second,  pressure  and  heat  transfer  measurements  were  made  for  laser  energy  deposition  upstream  of  a 
hemisphere  at  Mach  3.45  with  and  without  an  impinging  shock.  These  tests  were  completed  to  assess  the 
effectiveness  of  using  energy  deposition  to  ameliorate  the  adverse  aerothermal  loads  associated  with  the 
Edney  Type  IV  shock/shock  interaction  upstream  of  a  blunt  body.  Schlieren  flow  visualization  was  used  to 
observe  the  flow  with  the  laser  perturbation  and  correlate  with  the  surface  pressure  and  heat  transfer 
measurements. 

Third,  the  effectiveness  of  using  energy  deposition  to  control  shock  structures  with  bimodal  stability 
was  assessed.  Laser  perturbation  was  used  to  control  transition  from  Mach  reflection  to  regular  reflection 
within  the  dual  solution  domain  for  crossing  shocks.  Schlieren  flow  visualization  was  used  to  visualize  the 
unsteady  flow  interaction  process  and  compared  to  Euler  computations. 

Lastly,  large-scale  structures  were  forced  in  a  compressible  axisymmetric  jet  mixing  layer  with  laser 
perturbation  and  electric  arcing.  Particle  Image  Velocimetry  (PIV)  data  was  used  to  assess  the  effect  on  the 
shear  layer  and  to  compare  the  effectiveness  of  the  laser  and  electric  perturbation  methods.  Emphasis  was 
placed  on  determining  the  effectiveness  of  enhanced  mixing. 
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The  outlay  of  the  chapters  in  this  document  follows  the  four  areas  above  with  the  exception  of  chapters 
2  and  3.  Chapter  2  gives  the  necessary  background  information  and  the  results  of  a  literature  survey 
covering  the  four  research  efforts.  Chapter  3  describes  the  experimental  facilities  used  to  make  the 
measurements.  Then  Chapters  4-7  give  the  results  for  the  above  outlined  research  areas.  Chapter  4  gives 
the  results  for  laser  perturbation  in  quiescent  air.  Chapter  5  gives  the  results  for  the  laser  deposition 
upstream  of  the  hemisphere  at  Mach  3.45  with  and  without  the  shock  impingement.  Chapter  6  gives  the 
results  for  the  perturbations  to  the  crossing  shock  structures,  and  Chapter  7  gives  the  results  of  forcing  the 
shear  layer  with  the  laser  and  electric  arc.  Finally,  chapter  8  summarizes  the  key  findings  and  gives  some 
recommendations  on  future  research  and  potential  applications. 
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The  X-15  was  the  only  aircraft  I  ever  flew  where  I  was  glad  when  the 
engine  quit. 

Milton  Thompson 
Test  Pilot 

Statement  about  the  accelerations  felt  during  X-15 
test  flights  [28] 


Chapter  2 

Background  and  Literature  Survey 


2.1  Governing  Equations 


The  equations  governing  a  compressible,  continuous  fluid  are  briefly  outlined  in  this  section.  Complete 
derivations  of  these  equations  are  not  given  here  but  can  be  found  in  the  literature.  [80, 134] 

The  continuity  equation  in  Cartesian  coordinate  tensor  notation  is  given  by 


dp  ,  dPui  ...  0 


(2.1) 


dt  dxt 

where  i  =  1,2,3,  p  is  the  density,  ut  is  the  zth  velocity  component,  t  is  time,  and  xt  is  the  Cartesian 

coordinate.  Repeated  indices  indicate  the  conventional  summation  operation  unless  otherwise  noted. 

The  momentum  equation  is  given  by 


dut  dut  dp  d 
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H  dt  J 


dxj 
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ydxj  dxt  3  dxk  ;J 


(2.2) 


where  the  Stokes’  hypothesis  is  assumed,/?  is  the  pressure,  and  //  is  the  viscosity  coefficient.  The  viscosity 
can  be  defined  by  the  well  known  Sutherland  formula  relating  viscosity  and  temperature,  T,  by 
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(2.3) 


where  juQ  =  1 .789  x  1  O'5  for  standard  air  at  T0  =  288  K  . 

m-s 

The  energy  equation  is  given  by 
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(2.4) 


where  e  is  the  internal  energy,  V  is  the  magnitude  of  velocity,  q  is  the  volumetric  heating,  k  is  the  thermal 
conductivity,  and  r;y  is  the  stress  tensor  defined  by 


Tij=-pSiJ+p 


rduL+duj  2duk^ 
ydxj  dxt  3  dxk 


(2.5) 


where,  as  in  Equation  (2.2),  Stokes’  hypothesis  relating  viscosity  and  bulk  viscosity  is  assumed. 
The  equation  of  state  for  an  ideal  gas  is  given  by 

p  =  pRT 


(2.6) 


where  the  gas  constant,  R  =  286.9 -  for  air.  The  gas  constant,  R,  is  related  to  the  specific  heats  by  the 

kg-K 


relation 


R  =  cp-cv 


(2.7) 


where  cp  is  the  specific  heat  at  constant  pressure  and  cv  is  the  specific  heat  at  constant  volume.  Typical 


values  for  air  are  c  =1005- — —  and  cv  =  717.6 - .  [72]  The  ratio  of  specific  heats  is  defined  as 


kg-K 


kg-K 
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(2.8) 


For  a  calorically  perfect  gas,  the  specific  heats  are  related  to  the  internal  energy,  e,  and  the  enthalpy,  h,  by 


e  =  cvT 
h  =  cpT 


Following  the  above  equations,  the  isentropic  relations  for  a  gas  are  given  by 


(2.9) 
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where  M  is  the  Mach  number,  and  the  subscript  0  indicates  the  stagnation  condition.  The  Mach  number  is 
given  by 


where  a  is  the  speed  of  sound  of  the  gas  and  is  defined  by 


a2  =  yRT  (2.14) 

The  Rankine-Hugoniot  relations  for  a  normal  shock  wave  are  now  summarized.  The  subscripts  1  and  2 
are,  respectively,  the  upstream  and  downstream  conditions.  The  relations  for  the  pressure,  temperature, 
density,  and  Mach  number  upstream  and  downstream  of  a  normal  shock  are 
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The  relations  for  the  Pitot  conditions,  or  the  stagnation  conditions  downstream  of  the  shock,  are  given  by 
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^02  =  (2.19) 

(2.20) 

where  the  subscripts  01  and  02  are  the  upstream  and  downstream  stagnation  conditions,  respectively. 
These  equations  are  referenced  throughout  the  document  and  are  listed  above  for  convenience. 
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2.2  Flow  Control  with  Energy  Addition 

Knight  et  al  [77]  recently  describe  the  fundamentals  of  energy  deposition  into  a  high  speed  flow. 
Neglecting  the  viscous  terms  in  Equations  (2.1),  (2.2),  and  (2.4),  the  governing  equations  for  energy 
deposition  into  a  three-dimensional  inviscid  perfect  gas  flow  become 


dp  rr  -  ^ 

—  +  V*  pv  =  0 
dt 


dv  _  1 

— +  v- Vv  = - Vp 

dt  p 


— +v-V7’  =  -(y-l)7,V-v  +  -^- 
dl  pcv 


(2.21) 

(2.22) 

(2.23) 


where  Q  =  pq  and  Q  is  the  energy  added  per  unit  volume  per  time,  and  q  is  the  energy  added  per  unit 
mass  per  time  (same  as  in  Equation  (2.4)).  The  total  energy  added  per  unit  time  is  defined  as 

Q,  =  jjjQdV.  (2.24) 

Knight  et  al  [77]  further  define  the  dimensionless  energy  deposition  ratio,  e ,  as 


£  =  KQqL 
PJJi 


(2.25) 


where  Q0  is  the  characteristic  value  for  Q ,  and  L  is  the  characteristic  length  of  the  energy  deposition 
region.  Thus,  Q0  is  defined  as 


a=f 


(2.26) 


The  energy  deposition  ratio,  e ,  is  a  ratio  of  the  energy  added  per  unit  time  to  the  static  enthalpy  flux 
through  the  region  of  energy  addition.  An  alternative  formulation  for  e  is  given  by 
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where  qQ  is  defined  as 


c_M2xq0L 

ui 


(2.27) 


(2.28) 


Lastly,  a  parameter  for  unsteady  periodic  energy  deposition  is  defined  as 

L 


(2.29) 


where  t0  is  the  period  of  the  energy  deposition.  The  parameter  r  is  a  ratio  of  the  period  of  the  energy 
pulse  to  the  time  of  the  flow  to  traverse  the  region  of  energy  deposition.  For  more  details  on  various 
simulations  for  energy  deposition  upstream  of  bodies  see  Knight  et  al  [77].  They  review  recent  research 
efforts  focused  on  the  possibility  of  using  energy  deposition  for  drag  reduction,  modification  of  shock 
structures,  and  MHD  control. 

Moreover,  research  has  been  done  on  the  use  of  energy  deposition  to  control  the  sonic  boom  problem. 
[93]  Others  have  considered  it  for  transonic  problems,  and  still  others  for  boundary  layer  separation 
problems,  [124]  boundary  layer  control,  [23]  and  shear  layer  perturbation.  [1] 


2.3  Energy  Deposition  Techniques 

Two  types  of  energy  deposition  were  investigated  as  a  means  of  local  flow  control.  First,  a  Nd:YAG 
laser  was  focused  down  to  create  a  laser  induced  optical  breakdown  in  air.  Secondly,  electric  arcing  was 
used  to  force  structures  in  an  axisymmetric  jet  in  addition  to  the  laser  energy  deposition  forcing. 

2.3.1  Laser  Induced  Optical  Breakdown 

The  deposition  of  energy  into  a  gas  medium  with  a  focused  laser  beam  has  been  studied  since  the 
discovery  of  a  laser-induced  spark  in  1963.  [26  ,86,  94]  Subsequent  research  since  the  discovery  has  led  to 
an  extensive  list  of  publications,  and  this  research  has  been  detailed  and  summarized  quite  nicely  by  Raizer 
[1 14,  1 16],  Morgan  [97],  Root  [1 19],  and  Smith.  [132]  The  overall  process,  described  in  greater  detail  by 
both  Root  and  Raizer,  starts  when  a  laser  beam  with  sufficient  power  is  focused  down,  and  a  sufficient 
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radiation  flux  density  is  achieved,  leading  to  a  discharge  (somewhat  similar  to  the  electric  arc  discharge). 
The  pressure  and  temperature  of  the  gas  in  the  region  of  this  discharge  will  be  increased  significantly  as  the 
energy  of  the  laser  is  absorbed  to  cause  this  so  called  laser  induced  optical  breakdown.  The  energy 
deposition  into  a  gas  by  a  focused  laser  beam  can  be  described  by  five  progressive  steps  (see  Figure  2.1): 
1)  initial  release  of  seed  electrons  by  multi-photon  ionization,  2)  rapid  ionization  of  the  gas  in  the  focal 
region  by  the  cascade  release  of  electrons,  3)  absorption  and  reflection  of  laser  energy  by  the  gaseous 
plasma,  rapid  expansion  of  the  plasma  and  detonation  wave  formation  and  propagation  up  the  focal  axis, 
and  4)  the  propagation  of  the  detonation  wave  into  the  surrounding  gas  and  relaxation  of  focal  region 
plasma,  and  5)  a  residual  vortex  ring  formation  [2, 32]  due  to  the  asymmetric  formation  of  the  plasma. 

In  step  1)  of  the  breakdown  process,  the  initial  release  of  electrons  occur  due  to  a  molecule  in  the  focal 
region  taking  multi-photon  hits,  from  the  laser  light,  until  an  electron  overcomes  its  binding  potential 
energy  ( ~  14.5  eV  for  Nitrogen)  and  is  released.  Most  gases  require  energy  above  10  eV  for  ionization. 
Meyerand  and  Haught  describe  an  experimental  technique  to  determine  the  radiation  threshold  of  various 
gases.  [90,  91]  Multi-photon  hits  on  an  atom  or  molecule  in  the  gas  medium  are  needed  because  the  energy 
required  to  release  an  electron  is  greater  than  the  energy  absorbed  by  a  collision  with  a  single  photon  hit. 
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Figure  2.1  Laser  induced  optical  breakdown  process 
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The  photon  energy,  E,  is  given  by 

E  =  hv  (2.30) 

where  h  is  Planck’s  constant  (h  =  6.626  xlO“34Js  [5]),  and  v  is  the  frequency  of  the  radiation.  Forthe 
Nd:YAG  laser  with  a  wavelength  of  532  nm,  E  =  2.34  eV . 

The  probability  of  an  electron  release  by  multi-photon  hits  will  not  occur  unless  a  threshold  of  radiation 
flux  density  is  met.  This  leads  to  the  necessity  of  focusing  the  laser  beam  diameter  down  through  a  lens 
increasing  the  radiation  flux  density  to  induce  the  probability  of  multi-photon  hits  on  an  atom  or  molecule. 
By  focusing  the  laser  beam  down,  the  intensity  of  light  increases  over  a  smaller  cross-sectional  area,  i.e., 
the  increase  in  radiation  flux  density.  Baravian  et  al  [8]  determined  the  probabilities  of  multi-photon 

ionization  of  Nitrogen  given  a  radiation  flux  density  of  2.44xl012  W/m2 .  Keldysh  [73]  also  estimates  the 

probabilities  of  multi-photon  ionization,  and  Niemz  [100]  estimates  the  threshold  dependence  on  laser 
pulse  duration. 

Next  in  step  2),  a  cascade  release  of  electrons  occurs.  Once  seed  electrons  are  generated  by  multi¬ 
photon  hits,  these  electrons  will  collide  with  other  atoms  and  molecules  causing  a  further  release  of 
electrons.  The  electrons  in  the  field  of  radiation  gain  energy  due  to  the  inverse  bremsstrahlung  [44] 
collisions  with  photons  before  and  after  electrons  collide  with  molecules.  [97]  This  process  is  the  reverse 
of  the  bremsstrahlung  process  [44]  whereby  electrons  emit  photons  as  they  slow  down.  A  cascade  effect, 
as  multi-photon  hits  continue  in  the  focal  region,  and  as  free  electrons  collide  with  other  atoms,  leads  to  the 
cascade  release  of  electrons.  The  ionization  of  the  gas  rapidly  takes  place  at  this  point  and  the  plasma 
forms. 

The  process  continues  in  step  3),  as  the  plasma  now  absorbs  a  significant  portion  of  the  photon  energy 
of  the  remaining  laser  pulse.  The  plasma  becomes  more  opaque  to  the  light  energy  of  the  laser  due  to  the 
inverse-bremsstrahlung  effect  in  contrast  to  the  transparent  nature  of  the  non-plasma  gas.  Thus,  the  plasma 
region  will  absorb  the  laser  radiation  as  compared  to  the  non-plasma  region.  The  plasma  also  propagates 
up  the  axis  in  the  direction  of  incident  laser  light.  This  propagation  up  the  laser  beam  axis  leads  to  an 
elongated  region  for  the  plasma  formation.  A  tear  drop  shape  for  the  plasma  region  results.  Figure  2.2 
contains  three  CCD  images  of  the  flash  from  a  laser  spark  for  three  different  incident  laser  energy  levels 
and  two  different  incident  beam  diameters.  All  three  clearly  indicate  the  elongation  of  the  spark  along  the 
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direction  of  laser  incidence.  Another  phenomena  that  occurs  is  that  a  detonation  type  wave  forms  in  the 
rapidly  expanding  gas,  and  this  wave  will  also  absorb  energy  as  it  forms  and  travels  along  the  axis  towards 
the  lens.  [119] 


Figure  2.2  Pictures  of  laser  sparks  in  quiescent  air  for  (left)  13  mJ/ 1  +  0.5  mm3,  (middle)  127 
mJ/ 1 .3  ±  0.7  mm3,  and  (right)  25 8  mJ/  3  ±  1  mm3.  Laser  incidence  is  from  bottom  to  top. 


In  step  4),  the  laser  pulse  ends,  electron  releases  cease,  and  plasma  formation  subsides.  However,  a 
blast  wave  formed  by  the  formation  of  the  plasma  and  rapid  expansion  of  gas  in  the  focal  region  propagates 
into  the  surrounding  gas.  Moreover,  the  focal  region  of  the  laser  has  been  substantially  heated  leaving 
behind  a  region  with  higher  specific  internal  energy  as  compared  to  before  the  pulse.  The  pressure  has 
correspondingly  increased,  and  conversely  the  density  due  to  the  expansion  and  rarefaction  process  has 
decreased.  At  this  point  we  say  some  of  the  laser  energy  has  been  deposited  into  the  gas.  Not  all  of  the 
laser  energy  is  absorbed.  Some  of  the  energy  is  reflected,  transmitted,  scattered,  and  emitted  by  the  plasma. 
[71] 

Finally,  in  step  5)  there  is  a  residual  vortex  ring  formed  by  the  asymmetric  formation  of  the  plasma. 
Adelgren  et  al  [2]  and  Dors  et  al  [32]  have  observed  this  vortex  ring  formation  by  asymmetric  plasma 
formation.  Similarly,  Svetsov  et  al  [137]  have  experimentally  and  numerically  analyzed  the  post  fluid 
motion  of  a  laser  discharge.  Their  findings  also  show  a  vortex  formation  due  to  an  initial  asymmetry. 
Jiang,  et  al  [70]  and  Stiener,  et  al  [135]  have  also  numerically  analyzed  laser-induced  blast  waves.  These 
latter  two  models  mentioned  assume  a  symmetric  sphere  shape  for  the  initial  region.  Yan  et  al  [150]  (see 
Section  2.3.2)  also  have  developed  a  spherical  laser  deposition  model.  This  model  is  a  simplified  perfect 
gas  model  that  neglects  the  initial  plasma  formation  process.  This  model  is  being  developed  for  use  in 
simulations  of  the  laser  energy  deposition  by  flow  control  research  effort. 
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Recently,  Kandala  and  Candler,  have  modeled  the  plasma  formation  process,  steps  1-4  above  for  a 
Nd:YAG  focused  laser  discharge.  [71]  Their  model  solves  the  conservation  (mass,  momentum,  and 
energy)  equations  for  twelve  species  along  with  a  chemical  kinetics  model.  The  eleven  species  in  their 
model  are:  N2, 02,  NO,  N,  O,  N2+,  02+,  NO+,  0+,  N*,  and  the  electrons. 

In  addition  to  discharging  the  laser  in  quiescent  air,  the  beam  can  be  focused  onto  a  solid  surface.  Root 
[119]  describes  the  laser  induced  breakdown  process  when  a  laser  beam  is  focused  on  a  target  surface. 
When  the  beam  is  focused  on  a  target  surface,  the  plasma  formation  can  initiate  at  a  lower  radiation  flux 
density,  i.e.,  lower  incident  beam  energy.  The  laser  irradiation  incident  on  surface  will  generate  seed 
electrons  from  the  target  surface  for  the  transient  gaseous  plasma  generation  phase  as  opposed  to  seed 
electrons  generated  by  multi-photon  ionization  of  the  gaseous  molecules.  These  seed  electrons  initiate  the 
breakdown  and  the  plasma  formation.  Moreover,  it  should  also  be  noted  that  dust  particles  in  the  air,  or 
tracer  particles,  i.e.,  PIV  aluminum-oxide  particles  placed  in  the  flow  for  tracking,  can  also  lower  the 
radiation  flux  density  threshold  needed  for  breakdown.  These  dust  or  trace  particles  will  provide  seed 
electrons  more  readily  than  gaseous  multi-photon  ionization.  [132] 


2.3.2  Spherically  Symmetric  Laser  Perturbation  Model 

Yan  et  al  [150]  modeled  a  laser  discharge  and  assumed  an  instantaneous  perturbation,  spherical 
symmetry,  and  perfect  gas.  With  these  assumptions  the  laser  energy  deposition  region  can  be  modeled  as 
an  instantaneous  initial  condition  defined  as 

AT  =  AT0e~rl /r°  (2.31) 

where  AT  is  the  one-dimensional  Gaussian  temperature  distribution,  with  A7J>  being  the  peak  temperature 

value,  and  r  is  the  spherical  radius  coordinate.  The  peak  temperature  is  determined  by  the  total  energy 
deposited  into  a  spherical  volume  element  given  by 

^=i  ^^>PxCv^T  r2£?rsin(?  d9  d<j>,  (2.32) 

and  with  the  peak  temperature  determined  by 
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A  Tn  = 


0  J/2!  _  „ 

n  r0  Pa>Cv 


(2.33) 


D 

The  width  of  the  distributed  temperature  profile  is  determined  by  r0  and  given  as  ,  where  the 


deposition  volume  is  given  by  V  =—7tR^. 


The  deposition  volume  is  estimated  from  experimental 


measurement  of  the  energy  deposition  region.  From  Equation  (2.31)  the  value  for  the  temperature  will 
reach  2%  of  the  peak  value  for  r0  =  i?Q .  The  initial  conditions  for  the  density,  velocity,  temperature,  and 
pressure  become 


p=p «, 

(2.34) 

»=««> 

(2.35) 

v  =  0 

(2.36) 

w  =  0 

(2.37) 

T  =  TX+AT 

(2.38) 

p-pRT . 

(2.39) 

An  initial  constant  density  profile  is  assumed  for  the  energy  deposition  region.  This  assumption  is  valid 
due  to  conservation  of  mass  -  there  can  be  no  instantaneous  mass  flux  from  the  region  of  deposition  during 
the  essentially  instantaneous  laser  pulse.  The  heat  addition  term,  Q ,  in  Equation  (2.23)  is  thereby  modeled 
as  a  disturbance  to  the  pressure,  temperature  and  density  fields,  and  these  in  turn  are  used  as  an  initial 
condition  to  the  Euler  simulation  where  Q  is  neglected. 


2.3.3  Electric  Arc 

The  more  familiar  electric  arc  can  also  be  used  as  an  energy  deposition  mechanism.  In  contrast  to  the 
laser  deposition,  the  electric  arc  must  have  electrodes  to  generate  the  plasma  region,  i.e.,  arc. 

Historically,  the  electric  discharge  in  a  gaseous  medium  has  been  characterized  by  the  pressure  of  the 
gas,  the  potential  of  the  electric  field  between  the  electrodes,  and  the  amount  of  current  flowing  between 
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these  electrodes.  The  types  of  gas  discharge  have  been  divided  into  three  categories  based  on  the  amount 
of  current  flow.  Currents  ranging  up  to  10'6  amperes  are  dark  or  Townsend  discharges.  Glow  discharges 

range  from  10"6  to  10_I  amperes,  and  arc  discharges  occur  for  currents  approximately  over  10-1 
amperes.  [64,  65, 115] 

When  an  arc  discharge  occurs  between  the  anode  and  cathode,  plasma  formation  with  increased  ion  and 
electron  densities  takes  place  in  the  arc  channel  within  the  gas.  Various  mechanisms,  such  as  thermionic 
emission  from  the  cathode,  ion  collisions  with  the  cathode,  and  radiation  induced  emissions  at  the 
electrodes  and  in  the  gaseous  gap  between  the  electrodes,  can  generate  electrons  for  the  current  flow 
between  the  electrodes.  Once  electrons  are  present  in  the  gap,  they  are  accelerated  by  the  applied  electric 
field  across  the  gap.  As  the  electrons  gain  energy  they  will  begin  to  collide  with  atoms  and  molecules  of 
the  gas  leading  to  further  ionization  and  more  electrons.  If  there  are  a  sufficient  number  of  collisions,  there 
will  be  an  electron  avalanche  and  rapid  ionization  of  the  gas.  An  electric  arc  is  generated  if  this  avalanche 
takes  place.  Electrons  and  ions  gain  energy  from  the  electric  field  across  the  anode  and  cathode.  Electrons 
lose  energy  to  collisions  with  molecules.  Pressure  and  temperature  are  increased  through  the  acceleration 
of  ions  by  the  electric  field.  Within  the  arc  channel,  the  ion  temperature  can  increase  up  to  the  order  of 
10,000  K  and  the  electron  temperature  can  be  on  the  order  of  50,000  K.  The  transient  or  steady-state  nature 
of  the  discharge  along  with  the  equilibrium  or  non-equilibrium  properties  between  the  electrodes  all  depend 
on  the  gas  composition  and  pressure,  the  material  (and  temperatures)  of  the  anode  and  cathode,  the  circuitry 
driving  the  electric  field  between  the  electrodes,  external  and  internal  radiation  sources,  and  the  presence  of 
any  magnetic  fields. 

Industrially,  electric  arcs  have  been  used  as  circuit  control  devices,  light  sources,  and  heat  sources. 
Two  prominent  arc  heat  sources  are  the  arc  welder  and  the  arc  furnace.  A  typical  arc  welder  uses  the  high 
temperatures  generated  by  an  electric  arc  in  atmospheric  air  to  melt  and  join  various  metals.  Industrial  arc 
furnaces  use  the  heat  of  electric  arcs  to  melt  metals  for  industrial  processing.  A  third  heat  source 
application  involves  the  plasma  torch  used  for  cutting  and  material  processing. 

By  controlling  these  same  physical  principles  mentioned  above,  the  electric  arc  can  be  used  as  an 
energy  deposition  source  into  compressible  gas  flows.  This  energy  source  can  then  in  turn  be  used  as  an 
active  flow  control  mechanism.  Recently,  Buck  and  Li  [15]  experimentally  and  numerically  studied  the 
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effect  of  an  electric  spark  disturbance  in  a  Mach-3  flow.  Likewise,  the  electric  glow  discharge  has  been 
used  for  flow  control.  Glow  discharge  was  used  as  an  active  shear  layer  control  by  Martens  et  al  [87],  and 
Roth  et  al  [120,  121]  have  demonstrated  the  use  of  glow  discharge  for  boundary  layer  control.  Likewise, 
Corke  et  al  [23]  have  used  a  glow  discharge  for  boundary  layer  separation  control  on  wing  surfaces. 

As  part  of  this  experimental  study,  the  electric  arc  energy  deposition  provides  a  means  of  perturbation 
to  an  axisymmetric  jet  shear  layer.  By  controlling  the  frequency  of  the  electrical  arc  perturbation,  a  method 
of  active  flow  control  is  demonstrated.  As  will  be  shown,  the  electric  arc  perturbation  can  enhance  the 
mixing  within  the  shear  layer  of  a  supersonic  jet  and  a  comparison  is  made  to  laser  energy  deposition 
technique. 

2.4  Shock  Interaction  Phenomena 

After  investigating  the  effects  of  laser  energy  deposition  in  quiescent  air,  the  effects  of  energy 
deposition  on  three  other  types  of  flow  phenomena  were  examined.  The  first  two,  involved  intersecting 
shock  phenomena.  The  third  flow  consisted  of  electric  arc  and  laser  deposition  in  the  compressible  shear 
layer  of  axisymmetric  jets. 

2.4.1  Edney  Type  IV  Shock  Interaction 

We  decided  to  determine  the  effects  of  depositing  energy  upstream  of  the  Edney  IV  interaction  as  an 
example  of  a  detrimental  localized  flow  phenomena  where  energy  deposition  might  be  used  as  a  mitigation 
flow  control  technique. 

Even  though  damage  due  to  shock/shock  interactions,  i.e.,  the  X-15A-2  1967  Mach  6.7  test  flight  (see 
1.1)  [146,  147],  was  observed  prior  to  Edney’s  1968  report  [33],  he  was  the  first  to  categorize  and  fully 
characterize  the  shock/shock  interactions.  He  studied  the  effect  of  an  oblique  shock  interacting  with  a  blunt 
body  shock  and  developed  six  categories  of  interactions  (see  Figure  2.3).  The  fourth,  known  as  the  Edney 
Type  IV  interaction,  is  the  most  severe  case  leading  to  highly  localized  regions  of  surface  pressure  and  heat 
transfer  rates  on  the  body  downstream  of  the  interaction.  When  the  oblique  shock  propagating  from  an 
upstream  compression  turn  intersects  the  bow  shock  of  the  blunt  body  within  the  sonic  region,  i.e.,  the 
subsonic  region  behind  the  bow  shock,  an  Edney  Type  IV  interaction  occurs  (see  Figure  2.4).  A  supersonic 
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jet  embedded  in  the  subsonic  region  behind  the  blunt  body  bow  shock  develops  and  impinges  on  the  blunt 
body.  This  impinging,  embedded  supersonic  jet  causes  high,  localized  heat  transfer  regions  and  high, 
localized  surface  pressures  on  the  blunt  body.  These  surface  thermal  and  pressure  stresses  can  be  10  to  20 
times  greater  than  stagnation  conditions,  thus  leading  to  catastrophic  failure  of  the  blunt  body  material,  e.g., 
the  X-15A-2  flight  test  mentioned  above.  More  recently,  Yamamoto  et  al  [149]  have  simulated  the  severity 
of  shock  impingement  when  space-lift  booster  vehicles  are  separated  dining  a  launch  environment.  Pandey 
[103]  has  simulated  the  structural  response  to  the  severe  aerothermal  loads  associated  with  shock/shock 
interactions  upstream  of  an  engine  cowling. 

The  Type  IV  interaction  has  been  studied  both  numerically  and  experimentally,  [58, 49,  54, 55, 148,  59] 
and  the  Type  IV  shock/shock  interaction  has  been  identified  as  a  critical  hypersonic  flight  vehicle  design 
issue.  [76]  However,  no  completely  successful  mitigation  scheme  has  been  developed  to  date.  Holden  et 
al  [56,  57, 101]  studied  the  Type  III  and  IV  interactions  experimentally  and  achieved  a  10  percent  decrease 
in  the  peak  heating  loads  with  a  transpiration  cooling  technique.  Also,  Modlin  and  Colwell  [95]  develop  a 
heat  exchange  design  to  deal  with  the  extreme  heat  loads  generated  by  the  Type  IV  interaction  on  a 
hypersonic  aerospace  plane  engine  cowl.  In  this  design,  Modlin  and  Colwell  propose  using  a  liquid  metal 
in  a  heat  exchanger  inside  the  body  (an  inlet  cowl  in  this  case)  in  addition  with  transpiration  cooling 
techniques.  Other  researchers  have  further  examined  and  characterized  the  shock  impingement 
interactions.  Frame  and  Lewis  [40]  developed  an  analytical  model  for  the  Type  IV  interaction  in  a 
calorically  perfect  gas  without  the  requirement  of  empirical  or  experimental  data.  This  analytical  method  is 
limited  to  two-dimensional  analysis.  Lind  et  al  [83,  84]  and  Zhong  [154]  studied  the  unsteady  behavior  of 
the  Type  IV  interaction  with  various  numerical  schemes.  Hsu  and  Parpia  [66]  added  complexity  and 
studied,  with  numerical  simulation,  the  effect  of  dual  impinging  oblique  shocks  with  a  bow  shock 
interaction.  Hannemann  and  Schnieder  [48]  numerically  studied  the  Type  III  and  IV  interaction  and 
developed  a  new  classification  of  Type  IVa.  Researchers  have  also  extended  the  experimental  analysis 
since  Edney’s  classic  and  well  organized  experimental  results.  Carl  et  al  [17],  Purpura  et  al  [112],  and  Pot 
et  al  [111]  measured  the  characteristics  of  the  interaction  experimentally.  Lind  [82]  and  Berry  et  al  [12] 
studied  the  effect  of  body  geometry  on  the  interaction. 
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Figure  2.3  Edney’s  shock/shock  interaction  classification  [33] 


BLUNT  BODY  SHOCK 


Figure  2.4  Edney  Type  IV  shock/shock  interaction  [33] 

2.4.2  Mach  Reflection  and  Regular  Reflection  Dual  Solution  Domain 

Another  shock/shock  interaction  phenomena  concerns  the  intersection  of  two  shocks,  one  a  right 
running  wave  and  the  other  a  left  running  wave,  and  the  reflected  shock  structure  within  what  is  known  as 
the  dual  solution  domain.  J.  von  Neumann  [144]  proved  the  existence  of  a  dual  solution  domain,  defined 
by  the  von  Neumann  angle,  aN,  and  the  detachment  angle,  Within  these  two  shock  angles,  either  a 
regular  reflection  or  a  Mach  reflection  can  occur  (see  Figure  2.5,  and  Figure  2.7). 

The  crossing  shock  interaction  is  a  canonical  example  of  a  sidewall  compression  inlet  (see  Figure  2.5). 
An  aircraft  engine  inlet  would  not  be  designed  to  operate  in  the  dual  solution  domain  due  where  a  Mach 
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reflection  could  occur.  However,  due  to  gust  response  or  vehicle  maneuver,  the  dual  solution  domain  could 
be  encountered  for  a  short  time,  and  any  freestream  disturbance  could  lead  to  a  Mach  reflection.  The 
ability  to  control  the  shock  structures  is  critical  to  the  performance  of  the  engine.  For  example,  as  stated  in 
Section  1.1,  at  Mach  5  the  total  pressure  downstream  of  a  regular  reflection  with  an  incident  shock  angle  of 
35°  is  4.5  times  greater  than  downstream  of  a  normal  shock.  The  losses  in  total  pressure  due  to  a  Mach 
reflection  going  into  the  combustion  chamber  would  be  severe  and  could  lead  to  an  engine  unstart. 

Figure  2.6  illustrates  the  criteria  for  the  regular  reflection  and  the  Mach  reflection.  The  boundary  for 
the  von  Neumann  angle  occurs  where  the  pressure  rise  across  the  primary  and  reflected  shock  is  equal  to 
the  pressure  rise  across  a  freestream  normal  shock.  This  point  is  the  intersection  of  the  primary  shock 
pressure  deflection  plot  and  the  reflected  shock  pressure  deflection  plot  where  the  flow  deflection  angle  is 
zero  after  passing  through  the  reflected  shock.  Likewise,  the  boundary  for  the  detachment  angle  occurs 
when  the  pressure  rise  across  the  primary  shock  is  too  strong  for  an  attached  shock  when  the  flow  is  turned 
back  to  a  zero  flow  deflection.  The  von  Neumann  and  the  detachment  flow  angles,  0N  and  0D 
respectively,  are  identified  in  Figure  2.6.  Within  the  boundary  set  by  these  two  angles,  either  a  Mach 
reflection  or  a  regular  reflection  is  possible.  At  Mach  numbers  below  2.2  the  boundary  for  the  von 
Neumann  and  the  detachment  angles  coincide.  However,  at  high  Mach  numbers  the  dual  solution  domain 
is  quite  large.  For  example,  at  Mach  5  and  above  the  dual  solution  domain  spans  10  degrees.  Henderson 
[50]  and  Homung  and  Robinson  [63]  proved  the  existence  of  the  dual  solution  through  experimentation. 

Homung  et  al  [62]  proposed  the  existence  of  hysteresis  within  the  dual  solution  domain,  and  this 
phenomena  has  been  confirmed  by  Ivanov  [68],  Schmisseur  and  Gaitonde  [125],  Chpoun  et  al  [19],  and 
Vuillon  et  al.  [145]  Below  the  von  Neumann  angle,  only  regular  reflection  occurs.  If  the  boundary  is 
slowly  approached  from  below  the  von  Neumann  angle,  a  regular  reflection  will  remain  and  transition  to  a 
Mach  reflection  at  the  detachment  boundary  of  the  dual  solution  domain.  Above  the  detachment  boundary, 
only  a  Mach  reflection  is  possible.  If  the  boundary  is  slowly  approached  from  above,  a  Mach  reflection 
will  remain  until  transition  to  a  regular  reflection  at  the  von  Neumann  boundary.  Li  and  Ben-Dor  [79]  have 
proposed  an  analytical  model  for  Mach  reflections  and  regular  reflections  within  the  dual  solution  domain. 
They  also  show  the  existence  of  a  minimum  entropy  production  boundary  that  coincides  with  the 
detachment  boundary.  Chpoun  et  al  [19]  also  prove  the  regular  reflection  solution  stability  within  the  dual 
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solution  domain.  However,  Khotyanovsky  et  al  [74]  and  Molder  et  al  [96]  have  shown  the  transition  of  the 
steady  state  regular  reflection  to  the  Mach  reflection  within  the  dual  solution  domain  by  freestream 
disturbances.  In  addition,  Markelov  et  al  [88]  have  studied  the  effect  of  boundary  effects  on  the  shock 
structure  within  the  dual  solution  domain.  Moreover,  Ivanov  et  al  [67]  have  studied  the  boundary  effects 
associated  with  three  dimensional  wedge  span  and  these  effects  have  been  confirmed  by  Schmisseur  and 
Gaitonde  [125].  These  effects  are  associated  with  the  variance  of  Mach  stem  height  along  the  wedge  span 
due  to  the  Mach  wave  interaction  from  the  wedge  leading  edge  outer  comers.  The  Mach  stem  height 
decreases  due  to  the  Mach  wave  interaction  from  these  comers. 

As  part  of  this  research  effort,  laser  perturbations  were  deposited  upstream  of  symmetric  shock 
structures  in  the  dual  solution  domain.  The  objective  is  to  better  understand  the  physics  of  the  flow  and 
determine  if  shock  structures  can  be  controlled,  whereby,  optimal  shock  structures  for  optimal  engine 
performance  could  be  positively  controlled  in  high  speed  inlets. 

Figure  2.8  shows  the  nomenclature  associated  with  the  regular  reflection  shock  structure,  and  Figure  2.9 
shows  the  nomenclature  associated  with  the  Mach  reflection. 
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Figure  2.5  Simplified  inviscid  two  fin  model 
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Figure  2.6  Pressure  deflection  diagram  with  the  von  Neumann  and  detachment  angles  for  Mach  3.45 


Figure  2.7  Crossing  shock  dual  solution  domain 
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Figure  2.8  Nomenclature  associated  with  the  symmetric  wedges  and  regular  reflection 


Figure  2.9  Nomenclature  associated  with  the  symmetric  wedges  and  Mach  reflection 


2.5  Compressible  Jet  Shear  Layer 

For  many  years  it  has  been  known  that  supersonic  (compressible)  mixing  layers  have  a  much  slower 
growth  rate  than  their  subsonic  (incompressible)  counter  parts.  Bogdanoff  [13]  and  Papamoschou  [104] 
provided  detailed  derivations  of  a  convective  velocity  and  Mach  number  -  based  on  the  differences 
between  the  velocities  from  each  of  the  two  streams  and  the  defined  convective  velocity  —  and  the  two 
speeds  of  sound.  The  convective  Mach  number  is  given  by 
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(2.40) 


for  mixing  layers  with  the  same  specific  heat  ratio,  where  Uc  is  given  by 

jj  _  a\Ui  +  aiP\ 

a\  +  a2 


(2.41) 


Hileman  and  Samimy  [52]  correlated  acoustic  measurements  with  the  turbulent  structures  of  a  Mach  1.3 
jet.  Their  measurements  postulated  the  empirical  convective  equations  developed  by  Murakami  and 
Papamoschou  [98]  were  better  suited  for  determining  the  convective  velocity  of  the  structures.  The 
empirical  equations  give  the  convection  rates  as 

(2.42) 
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U c  -  -M cXax  +  UX , 


Mc\  =Mc  + 


^l  +  (al/a2f 


■ ,  and 


(2.43) 


dMc  =  1 .25  ln(Mc)  +  1.11.  (2.44) 

Papamoschou  [105]  and  Hall  et  al  [47]  have  also  modified  the  convective  Mach  number  relation  to  take 
into  account  recompression  shocks  which  may  be  present  within  the  shear  layer  at  high  compressibility 
levels. 

Flow  visualization  experiments  by  Clemens  and  Mungal  in  1992  [21]  showed  that  at  M c  <  0.5 ,  the 

shear  layer  contained  the  two-dimensional  structures  that  are  characteristic  of  the  incompressible  shear 
layer.  In  1993  Elliott  et  al  [38]  found  that  the  pairing  processes  typical  of  an  incompressible  shear  layer 
was  still  occurring  at  Mc  =  0.51 ,  but  was  not  seen  at  Mc  -  0.86  .  Other  investigators  have  shown  the 

convective  Mach  number  also  correlates  trends  in  the  turbulence  profiles  and  shear  layer  characteristics. 
[37,42] 

Several  recent  investigations  have  shifted  attention  to  the  problem  of  controlling  and  enhancing  the 
growth  rate  of  supersonic  mixing  layers,  and  subsequently,  supersonic  jets.  The  ability  to  force  and  control 
the  mixing  layer  not  only  allows  one  to  study  spatially  stable  large-scale  structures,  but  it  is  also  desirable 
in  numerous  applications  of  interest  today.  Increased  mixing  of  fuel  and  oxidizer  streams  for  combustion 
enhancement  is  an  active  area  of  research.  For  example,  Slessor  et  al  [  131]  experimentally  studied  the 
effect  of  shear  layer  inflow  perturbations  on  the  mixing  and  growth  rates.  Day  et  al  [29]  have  analyzed 
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compressible  shear  layer  flow  instabilities  where  heat  was  released.  Urban  et  al  [141]  have  investigated  the 
velocity  fields  of  a  planar  compressible  mixing  layer  with  induced  mixing  also  with  a  motivation  of 
enhanced  combustion.  Another  area  of  research  is  motivated  by  noise  abatement  of  turbulent  shear  layers. 
[52, 138, 106,  30, 102] 

In  1995  Gutmark  et  al  [46]  wrote  a  complete  review  of  current  control  and  enhancement  techniques. 
They  classified  the  excitation  techniques  into  three  categories:  passive  excitation,  active  excitation,  and 
techniques  of  increasing  the  streamwise  vorticity. 

Because  of  the  shortcomings  of  current  control  methodologies,  there  is  a  desire  to  develop  more  flexible 
and  controllable  forcing  techniques.  Shortcomings  of  current  control  methodologies  are  manifested  by  the 
fact  that  most  are  designed  for  specific  flow  conditions  and  geometries,  i.e.  fixed  Mach  number  and  nozzle 
configuration.  On  the  other  hand,  flow  control  with  energy  deposition  could  adapt  to  changes  in  flow 
conditions,  such  as  the  Mach  number,  by  adapting  the  frequency  and  energy  level  of  the  depositions. 

As  part  of  this  research  effort,  energy  deposition  is  investigated  as  a  method  of  enhancing  and 
controlling  large-scale  structures  in  the  shear  layer  of  axisymmetric  jets  (see  Figure  2.10).  Two  excitation 
methods  were  investigated:  a  multiple  pulse  1  mJ  electric  arc  and  a  focused  pulse  from  a  Nd:YAG  laser. 
Both  methods  ionize  the  flow  near  the  nozzle  surface  (see  Figure  2.10),  and  provide  single  (laser 
excitation)  or  multiple  (electric  arc)  bursts  of  excitation  to  the  exit  of  the  jet  where  the  shear  layer  is 
formed.  This  energy  deposition  forces  the  formation  of  large-scale  structures,  and  these  structures  can  be 
studied  using  modem  diagnostic  techniques. 

Previously,  Elliott,  Crawford,  and  Mosedale  demonstrated  the  use  of  a  laser  to  force  a  large-scale 
structure  in  axisymmetric  jets  with  single  [35,  36]  and  double  pulse  [24]  discharges.  The  goal  of  the  work 
presented  here  is  to  further  characterize  the  flow  field  created  by  an  electric  arc  as  well  as  the  laser 
perturbation  to  the  compressible  shear  layer  in  an  axisymmetric  jet  evaluating  the  turbulence  structure  and 
effectiveness  of  the  excitation. 
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Figure  2.10  Forcing  of  large-scale  structure  in  compressible  axisymmetric  shear  laye 
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Chapter  3 

Experimental  Facilities 


3.1  Wind  Tunnel 

The  energy  deposition  tests  upstream  of  a  25.4  mm  diameter  sphere  with  and  without  the  Edney  Type 
IV  interaction  (see  Chapter  5)  and  the  symmetric  crossing  shock  structures  in  the  dual  solution  domain  (see 
Chapter  6)  were  conducted  in  the  Rutgers  University  Mach  3.45  supersonic  wind  tunnel.  Figure  3.1  is  a 
schematic,  Figure  3.2  is  a  picture  of  this  supersonic  wind  tunnel  facility,  and  Table  3.1  lists  the  typical 
operating  parameters  for  this  facility.  [136]  This  tunnel  is  a  basic  blowdown  tunnel  with  an  exhaust  into 
atmospheric  pressure.  [110]  The  nozzle  of  the  tunnel  is  an  asymmetric  one-sided  nozzle  that  expands  the 
flow  to  Mach  3.45  in  the  test  section.  The  test  section  cross  area  is  15  cm  by  15  cm,  has  two  side  windows, 
and  also  has  windows  that  can  be  placed  in  the  top  and  bottom  of  the  test  section.  Typically,  these 
windows  support  optical  measurement  techniques  and  access  for  the  laser  perturbation  experiments  (see 
Chapter  5  and  6). 

A  main  component  of  the  wind  tunnel  is  a  compressed  air  storage  system.  Compressed  air  is  supplied 
to  the  tunnel  from  high  pressure  (16.6  MPa)  air  storage  tanks  with  a  total  volume  of  8  m3  offering  run  times 
on  the  order  of  minutes  to  continuous  operation  for  the  other  smaller  facilities  within  the  Gasdynamics  lab. 
Three  four-stage  air  compressors  supply  the  compressed  air  to  these  storage  tanks  after  the  moisture  is 
removed  by  a  regenerative  air  dryer. 

The  tunnel  stagnation  chamber  pressure  and  temperature  data  and  the  atmospheric  pressure  for  the  tests 
are  digitally  recorded  by  a  computer  system.  The  computer  system  consists  of  a  Gateway  Pentium  II 
computer  with  a  National  Instruments  PCI-6031  series  board.  The  tunnel  data  acquisition  system  is 
operated  with  Labview  software. 
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EXHAUST  TO 


Figure  3.1  Mach  3.45  wind  tunnel  schematic 


Figure  3.2  Mach  3.45  wind  tunnel  photo 


Table  3.1  Operating  Parameters  for  the  Rutgers  Mach  3.45  Supersonic  Wind  Tunnel 


Mach  Number 

Operating  Stagnation  Pressure 

Typical  Stagnation  Temperature 

Mass  Flow  Rate 

Typical  Run  Time 

Total  Run  Time 

Test  Area  Cross  Section 

Test  Area  Length 

Test  Section  Reynolds  Number 


3.45 
1.4  MPa 
290  K 

9.8  Kg/s 
«  20  S 

1.8  minutes 

15  cm  x  15  cm 
30  cm 

4.44  -  8.88  X  107/m 
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3.2  Flow  Visualization 

Four  techniques  were  used  for  flow  visualization.  The  shadowgraph  and  schlieren  techniques  are 
discussed  in  Section  3.2.1,  filtered  Rayleigh  scattering  in  3.2.2,  and  Mie  scattering  in  3.2.3. 


3.2.1  Schlieren  and  Shadowgraph 

The  schlieren  and  shadowgraph  techniques  are  optical  methods  that  determine  density  fields  by  changes  in 
the  index  of  refraction  within  a  transparent  medium.  [43]  The  changes  to  the  index  of  refraction  within  the 
transparent  medium,  the  compressible  gas  in  our  case,  is  measured  by  determining  the  effects  on  a  light  beam 
passed  through  the  test  region.  The  shadowgraph  technique  measures  the  second  derivative  of  the  index  of 
refraction  normal  to  and  integrated  along  the  light  beam.  The  schlieren  technique  measures  the  first  derivative 
of  the  index  of  refraction  normal  to  the  light  beam  and  perpendicular  to  the  knife-edge  and  is  also  integrated 
along  the  light  beam.  Both  methods  are  well  suited  for  compressible  flows  with  shock  structures  due  to  the 
high  density  gradients  associated  with  shock  waves. 

The  density  is  related  to  the  index  of  refraction  for  a  transparent  medium  through  the  Lorenz-Lorentz 
relation  and  the  Gladstone-Dale  constant.  [43]  The  relation  is  given  by 


»-l 


(3.1) 


Po  «o~l 

where  p  is  the  density,  p0  is  the  reference  density,  n  is  the  index  of  refraction,  and  n0  is  the  reference 

index  of  refraction.  Table  3.2  lists  values  for  the  index  of  refraction  for  air  at  standard  temperature  and 
pressure  for  two  wavelengths  of  light. 

The  schlieren  system  measures  the  first  derivative  of  the  density  with  respect  to  the  direction 
perpendicular  to  the  knife-edge  and  normal  to  the  light  beam,  and  the  relation  is  given  by 


dp__  Pq  dn 
dy  n0  - 1  dy 


(3.2) 


where  y  is  normal  to  the  light  beam  and  perpendicular  to  the  knife  edge.  The  relation  for  the  shadowgraph 
is  given  by 
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dV  =  A>  d2n 
dy 2  n0  - 1  dy2 


(3.3) 


where  y  in  this  case  is  normal  to  the  light  path.  Equation  (3.2)  can  be  related  to  the  intensity  changes  of 
light  in  the  image  to  obtain 


[32*  (3.4) 

4  aKna  A)  ^ 

where  z  is  the  coordinate  along  the  light  path,  A I  is  the  change  in  light  intensity,  IK  is  the  reduction  in 
image  intensity  due  to  the  knife  edge  without  any  flow  disturbances,  /2  is  the  distance  from  the  mirror  to 
the  knife  edge,  i.e.,  the  focal  length  of  the  mirror,  aK  is  the  amount  of  focal  light  area  not  removed  by  the 
knife  edge,  and  na  is  the  index  of  refraction  for  the  ambient  air.  For  a  shadowgraph  system  the  changes  in 
light  intensity  become 


(3,5) 

h  na  Po  J  dy 

where  zsc  is  the  distance  from  the  test  section  to  the  camera,  and  IT  is  initial  intensity  at  the  screen  with 
out  disturbances  in  the  flow. 


Table  3.2  Index  of  refraction  for  air  at  20  C  and  one  atmosphere  [43] 


Light  wavelength,  X,  (nm) 
546.1 
632.8 


2.733X10"4 

2.719X10"4 


Both  the  schlieren  and  the  shadowgraph  technique  are  integrals  along  the  light  path.  Therefore,  in  this 
study  the  schlieren  and  shadowgraph  techniques  were  used  exclusively  for  qualitative  flow  visualization 
and  no  attempt  was  made  to  determine  quantitative  density,  pressure,  or  temperature  measurements.  Please 
see  Goldstein  [43]  for  more  details  on  schlieren,  shadowgraph,  and  also  interferometer  techniques. 

The  shadowgraph  and  schlieren  images  for  the  Mach  3.45  tunnel  tests  were  taken  in  the  standard  Z-path 
arrangement  [43]  with  150  mm  diameter  concave  mirrors  with  a  focal  length  of  2  meters  (see  Figure  3.3).  The 
images  were  recorded  on  a  PixelVision  back  illuminated  CCD  camera  with  a  resolution  of  512  by  512  pixels. 
Background  and  flat-field  images  were  taken  to  correct  for  uneven  illumination  and  improve  the  image  quality. 
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A  Stanford  Research  Systems  pulse  generator  is  used  to  control  the  timing  delay  between  the  pulses  of  the 
laser  used  for  the  energy  deposition  and  the  schlieren  flash  source.  This  control  of  the  time  delay  allows 
for  images  to  be  captured  for  precise  delays  after  the  laser  spark  discharge. 

For  the  images  in  the  initial  phase  of  this  research  effort,  a  General  Radio  Company  Stobotac  type  1538-A 
xenon  arc  flash-lamp  provided  a  light  pulse  with  a  temporal  pulse  width  of  2.76  ps  (see  Figure  3.4).  This 
temporal  pulse  width  was  measured  as  the  half-peak  value  recorded  with  a  photodiode.  The  flow  speed  in  the 
wind  tunnel  test  section  is  typically  640  m/s  so  the  typical  flow  transit  during  the  flash  is  1.77  mm. 

A  new  flash  source  was  developed  and  used  for  the  latter  tests  discussed  in  Chapters  4,  5  and  6.  A  532  nm 
wavelength  Nd:YAG  laser  beam  was  focused  down  and  discharged  on  a  two-percent  thoriated  tungsten  rod  in 
an  Argon  flow  for  the  schlieren  light  source.  As  described  previously,  a  plasma  is  created  above  the  rod  after 
seed  electrons  have  been  generated  from  the  rod.  Moreover,  Argon  has  a  lower  ionization  threshold  compared 
to  Nitrogen.  For  example,  Minck  [94,  1 14]  gives  results  showing  the  threshold  laser  power  required  to  ionize 
Argon  at  one  atmosphere  of  pressure  is  70  kW,  and  for  Nitrogen  at  one  atmosphere  the  laser  power  required  is 
500  kW.  These  results  are  for  a  Q-switched  ruby  laser,  and,  therefore,  will  differ  slightly  for  the  Nd:YAG  laser 
used  for  this  apparatus.  In  any  case,  the  breakdown  and  plasma  formation  will  be  initiated  more  readily  in  the 
Argon. 

This  new  technique  for  generating  a  spark  for  the  schlieren  images  was  found  to  be  superior  to  the  Strobotac 
flash  lamp  described  above.  Figure  3.4  compares  the  pulse  width  measured  with  a  photodiode  for  the  Stobotac 
flash  lamp  and  the  laser/argon  flash  source.  The  half-peak  pulse  width  for  the  Nd:YAG  discharge  in  argon  is 
0.12  (is  and  the  flow  transit  for  this  time  in  the  test  section  of  the  wind  tunnel  is  0.08  mm.  Figure  3.5  is  a 
schematic  showing  the  components  of  the  Nd:YAG  laser/argon  flash  source.  Figure  3.6  compares  the  two 
flash  sources  for  the  schlieren  system  for  a  laser  discharge  in  quiescent  air  next  to  a  25.4  mm  sphere.  The 
obvious  improvement  in  image  quality  can  be  seen  in  the  image  on  the  right,  taken  with  the  laser/argon  light 
source.  The  increase  in  quality  is  attributable  to  two  aspects:  1)  the  decreased  pulse  width  of  the  flash  source, 
and  2)  the  ability  to  filter  the  light  emitted  from  the  laser  energy  deposition  spark.  The  effect  of  decreasing  the 
pulse  width  can  be  seen  in  the  blast  wave  emanating  from  the  laser  discharge.  It  is  much  more  distinct  for  the 
image  on  the  right  when  compared  to  the  blast  wave  on  the  left.  Moreover,  the  flash  from  the  laser  spark 
formation  can  be  filtered  from  the  laser/argon  source  since  the  light  emitted  from  the  discharge  in  argon  has  a 
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much  narrower  bandwidth  than  the  Strobotac  arc  flash.  The  effect  of  this  filtering  can  be  seen  by  the  near 
elimination  of  dark  blotch  seen  in  the  image  on  the  left  through  the  center  of  the  energy  deposition  discharge 
location.  This  darkened  region,  or  “blotch”  is  due  to  the  shutter  of  the  camera  being  open  during  the  laser 
discharge  and  for  the  strobe  for  the  schlieren.  The  light  emitted  (due  to  the  bremsstrahlung  effect  during  the 
plasma  formation  and  relaxation)  saturates  the  pixels  of  the  CCD  camera  in  this  region.  This  light  cannot  be 
filtered  since  it  is  has  a  broader  band  of  frequencies  compared  to  the  light  emitted  by  the  laser  discharge  in 
argon  used  for  the  schlieren  source.  A  third  benefit  also  comes  from  the  ability  to  control  the  jitter  of  the  light 
source  when  it  is  time  synced  with  the  laser  discharge.  Since  the  laser/argon  spark  source  is  driven  by  the  laser, 
its  time  can  be  controlled  within  10  ns  to  the  laser  used  for  the  laser  energy  deposition  discharge.  The  Strobotac 
light  source  can  only  be  controlled  within  2  ps  when  time  synced  with  the  discharge  laser.  Therefore,  phase 
locked  images  produced  by  the  laser/argon  source  have  three  orders  of  magnitude  less  variation  when 
compared  to  phase  locked  images  produced  with  the  Strobotac  light  source. 


POINT  LIGHT  SOURCE 
AT  FOCAL  POINT  OF 


Figure  3.3  Z-path  schlieren  apparatus 
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Figure  3.4  Pulse  width  comparison  between  Xenon  flash  lamp  and  laser-Argon  flash 


Figure  3.5  Elements  of  laser-Argon  spark  source 


36 


37 


a)  Strobotac  flash  source 


Figure  3.6  Comparison  of  schlieren  flash  sources  for 
air  next  to  25.4  mm  diameter  hemisphere  model 


b)  Nd:YAG/argon  flash  source 


images  taken  of  laser  energy  deposition  in  quiescent 


3.2.2  Filtered  Rayleigh  Scattering 

Rayleigh  scattering  was  used  to  image  the  flow  for  the  laser  spark  deposition  tests  in  quiescent  air. 
Elliott  and  Beutner  [34]  and  Miles  and  Lempert  [92]  give  a  thorough  explanation  of  this  technique.  A  brief 
description  of  the  technique  is  given  here. 

Rayleigh  scattering  is  the  scattering  produced  when  light  encounters  a  particle,  and  this  particle 
diameter  is  less  than  1/10  the  wavelength  of  the  incident  light.  The  scattering  is  centered  at  the  particle  and 
is  distributed  in  all  directions.  For  wavelengths  of  light  in  the  visible  range,  the  Rayleigh  scattering 
produced  occurs  from  air  molecules.  The  intensity  of  the  Rayleigh  scattering  is  proportional  to  the  number 
of  scatter  producing  particles  per  unit  volume,  and  is,  therefore,  related  to  the  density  of  the  gas.  The 
Rayleigh  scattering  profile  is  a  function  of  the  velocity,  pressure,  and  temperature.  The  random  motion  of 
air  molecules  causes  a  broadening  of  the  Rayleigh  scattering  spectral  distribution.  There  are  two 
parameters  which  characterize  the  spectral  profile,  and  they  are  the  x  and  y  parameters.  The  x  parameter  is 
the  non-dimensional  frequency  and  the  y  parameter  is  the  ratio  of  the  collisional  frequency  to  the  acoustic 
spatial  frequency.  They  are  given  by 
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where  X  is  the  wavelength  of  the  incident  light,  p  is  the  pressure,  p  is  the  viscosity,  6  is  the  angle 
between  the  incident  and  the  scattered  wave  vectors,  M  is  the  molecular  mass,  k  is  the  Boltzmann  constant, 
T  is  the  temperature,  v  is  the  frequency,  and  v0  is  the  incoming  light  frequency.  Figure  3.7  shows  the 
distribution  for  various  y  values.  The  frequency  of  the  scattered  light  can  also  be  Doppler  shifted  when  a 
bulk  velocity  component  is  also  present  in  the  gas.  The  Doppler  shifted  frequency,  vD ,  is  given  by 


VD=j(K-k}v  (3.8) 

where  ks  and  k0  are  the  observed  and  incident  light  wave  vectors,  and  V  is  the  flow  velocity. 

Filtered  Rayleigh  scattering  is  the  technique  of  placing  a  molecular  filter  with  absorption  wells  located 
within  the  frequency  range  of  the  imaging  laser  (see  Figure  3.8)  in  front  of  the  light  detecting  device,  such 
as  the  camera.  This  molecular  filter  (see  Figure  3.1 1  and  Figure  3.12)  is  placed  in  front  of  the  receiving 
optics  to  modify  the  frequency  spectrum  of  the  scattering  signal  from  the  imaged  flow  region.  The  imaging 
laser  can  be  tuned  to  the  absorption  wells  of  the  molecule  (iodine  for  these  tests)  in  the  filter,  and  unwanted 
scattering  from  walls,  windows,  etc.  is  absorbed  while  the  Doppler  shifted  Rayleigh  scattering  from 
molecules  in  the  flow  field  is  shifted  and  thermally  broadened  outside  the  absorption  well  (see  Figure  3.8). 
If  the  Doppler  shift  is  small  (due  to  the  optical  arrangement),  planar  images  are  obtained  where  the 
intensity  is  representative  of  the  qualitative  density  and  temperature  variations.  [14] 

Currently,  this  filtered  Rayleigh  scattering  technique,  in  addition  to  giving  qualitative  images  for  the 
density,  is  being  investigated  to  give  average  flow  properties,  such  as  pressure,  velocity,  and  temperature, 
at  each  point  in  the  illuminated  plane  and  also  instantaneous  flow  properties.  [14] 

For  these  experiments  with  the  Rayleigh  scattering  technique,  a  molecular  iodine  filter  was  used  with  an 
injection  seeded,  frequency-doubled  Nd:YAG  laser  with  a  532  nm  wavelength,  capable  of  600  mJ  per 
pulse,  and  a  10  ns  pulse  width  (see  Figure  3.9  and  Figure  3.10).  Since  the  linewidth  of  the  of  the  laser  is 
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narrow,  it  is  tuned  to  match  the  transition  absorption  wells  of  the  iodine  filter.  The  laser  beam  is  sent 
through  a  cylindrical  lens  and  a  spherical  lens  to  produce  a  planar  laser  sheet  in  the  flow  region  of  interest. 
A  Princeton  Instruments  integrated  charge  couple  device  camera  is  used  to  record  the  filtered  Rayleigh 
scattering  images  of  the  flow  region  (see  also  Figure  3.11  and  Figure  3.12). 

A  Stanford  Research  Systems  pulse  generator  is  used  to  control  the  timing  delay  between  the  pulses  of 
the  laser  used  for  the  energy  deposition  and  the  laser  used  for  the  Rayleigh  scattering.  This  control  of  the 
time  delay  allows  for  images  to  be  captured  for  precise  delays  after  the  laser  spark  discharge.  The  images 
are  stored  on  a  Pentium  class  computer  system  with  Winview  control  software  for  the  Princeton 
Instruments  camera. 
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Figure  3.7  Rayleigh  scattering  distributions  for  various  y  values 
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Figure  3.8  Overlapping  scattering  and  absorption  bands 
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Pulse 


Figure  3.9  Filtered  Rayleigh  scattering  experimental  apparatus 


Excitation  beam 
from  second 


Figure  3.10  Laser  sheet  and  excitation  laser  orientation  for  quiescent  air  energy  deposition  tests 
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Figure  3.11  Filtered  Rayleigh  scattering  test  apparatus;  camera,  iodine  filter,  and  lens  arrangement 
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Figure  3.12  Filtered  Rayleigh  scattering  apparatus;  camera  and  iodine  filter 


3.2.3  Mie  Scattering 

A  planar  Mie  scattering  technique  was  used  to  image  the  laser  perturbed  shear  layer  structure  of  a 
compressible  axisymmetric  jet  (see  Chapter  7).  In  contrast  to  the  Rayleigh  scattering  (see  Section  3.2.2), 
Mie  scattering  is  produced  when  light  encounters  a  particle,  and  this  particle  diameter  is  greater  than  1/10 
the  wavelength  of  the  incident  light.  Therefore,  Mie  scattering  typically  occurs  off  of  seeded  particles, 
dust,  or  condensation  droplets  within  the  flow.  A  single  pulsed  Nd:YAG  laser  (wavelength  of  532  nm)  was 
formed  into  a  sheet  at  the  same  location  as  the  double  pulsed  laser  sheet  used  for  the  PIV  measurements 
(discussed  below  in  Section  3.9).  A  Princeton  Instruments  intensified  CCD  camera  was  placed  normal  to 
the  laser  sheet  to  record  the  images  of  the  Mie  scattering  -  the  laser  light  scattered  from  the  condensation  - 
produced  in  the  jet  shear  layer.  [21]  The  jet  was  exhausted  into  the  moist  ambient  air,  whereby 
condensation  formed  in  the  shear  layer  due  to  entrainment  of  the  moist  air  into  the  cooler  jet  flow  (see  for 
instance  the  jet  exit  temperatures  in  Table  3.8).  For  the  planar  Mie  scattering  images,  the  jet  was  operated 
without  the  dry  co-flow  around  the  jet  nozzle  as  used  for  the  PIV  measurements  (see  Section  3.9). 
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3.3  Laser  Perturbation 

For  the  laser  excitation  experiments,  a  beam  from  a  pulsed  Neodymium:  Yttrium  Aluminum  Garnet 
(NdrYAG),  532  nm,  laser  was  focused  down  to  create  a  laser  induced  optical  breakdown  in  air  (see  Section 
2.3.1).  Figure  3.13  shows  the  Gasdynamic  NdrYAG  lasers  used  for  the  energy  deposition  and  laser 
diagnostics.  For  the  laser  energy  deposition  tests  into  the  shear  layer  of  a  compressible  axisymmetric  jet 
(see  Chapter  7),  the  laser  was  focused  onto  the  tungsten  electrode  used  for  the  electric  arc  experiments  so 
the  energy  deposition  would  be  located  similarly  to  the  electric  arc  excitation.  The  NdrYAG  laser  could 
provide  only  a  single  pulse,  but  at  much  higher  energies  than  capable  from  the  arc.  The  excitation  beam 
was  focused  with  a  250  mm  focal  length  lens  resulting  in  a  focal  diameter  of  approximately  less  than  0.1 
mm.  The  NdrYAG  laser  was  frequency  doubled  to  a  wavelength  of  532  nm  with  a  temporal  pulse  width  of 
about  10  ns  and  a  repetition  rate  of  10  Hz.  At  this  pulse  frequency  each  perturbation  can  be  analyzed 
independently;  the  pulses  are  considered  as  isolated  events  because  the  separation  distance  between  pulses 
in  the  shear  layer  is  quite  large  ( »  25  meters).  The  amount  of  energy  delivered  by  the  excitation  pulse  was 
measured  using  an  Ophir  Optronics  30A-P-SH  meter.  Timing  with  the  flow  diagnostics  was  controlled 
with  a  Quantum  Composer  pulse  generator. 

Figure  3.10  and  Figure  3.1 1  shows  the  experimental  components  used  to  conduct  the  energy  deposition 
tests  in  quiescent  air. 

The  NdrYAG  laser  was  also  used  to  create  the  laser  energy  deposition  upstream  of  the  sphere  and  for 
the  wedges  in  the  wind  tunnel  (see  Chapter  5  and  Chapter  6). 

For  all  of  the  laser  energy  deposition  tests,  the  laser  was  pulsed  at  10  Hz.  The  timing  of  the  laser  was 
controlled  with  a  Stanford  Research  Systems  pulse  generator  used  to  control  the  timing  delay  between  the 
pulses  of  the  laser  used  for  the  energy  deposition  and  imaging  instrumentation. 
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Figure  3.13  Rutgers  University  Gasdynamics  Lab  Nd:YAG  lasers 


3.4  Electric  Arc 

The  arc  for  the  jet  experiments  was  produced  using  a  Velonex  Model  360  High  Voltage  Pulse 
Generator  (HVPG)  equipped  with  a  V 1 728  plugin  output  unit  providing  a  maximum  pulse  output  of  3  amps 
at  10  kV.  Instead  of  pulsing  continuously  at  a  given  frequency,  short  bursts  of  pulses  were  produced  to 
minimize  the  power  needed,  but  still  have  a  long  enough  train  of  pulses  so  that  the  flow  field  could  reach 
"steady  state".  The  HVPG  was  triggered  using  an  8013B  pulse  generator  to  give  a  1  ms  burst  of  7  psec- 
wide  pulses  at  frequencies  from  1  to  18  kHz.  The  arc  was  created  across  a  1  mm  gap  between  the  lip  of  the 
nozzle  exit  and  a  1  mm  diameter,  2%  thoriated-tungsten  welding  rod.  A  3.3  kohm  resistor  is  placed  in 
series  with  the  arc  to  limit  the  current  and  match  the  impedance  of  the  HVPG.  The  breakdown  of  the  arc 
occurred  at  approximately  4  kV  on  the  leading  edge  of  the  pulse;  the  arc  voltage  reduces  to  50  V  once  the 
arc  is  formed.  The  voltage  drop  of  the  arc  is  determined  by  the  physics  of  the  plasma  created,  and  the 
current  is  primarily  a  function  of  the  power-supply  voltage  and  series  resistor.  Energy  deposition  into  the 
arc  was  approximately  1  mJ/pulse.  Table  3.3  summarizes  the  electric  arc  characteristics. 
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Table  3.3  Electric  arc  characteristics 

Pulse 
Width 

G») 

7 

3.5  Surface  Pressure 

An  Edney  Type  IV  interaction  is  generated  in  the  test  section  by  the  intersection  of  an  oblique  shock 
generated  by  a  15  degree  wedge  mounted  on  the  test  section  ceiling  and  the  bow  shock  of  the  25.4  mm 
sphere  mounted  in  the  test  section.  The  sphere  model  contains  a  pressure  transducer  used  to  measure  the 
surface  pressure  (see  Figure  3.14).  The  sphere  model  is  mounted  on  a  u-joint,  and  the  u-joint  in  turn  is 
mounted  to  a  sting  and  splitter  plate  at  the  back  of  the  test  section  (see  Figure  3.15  and  Figure  3.16). 

A  single  Endevco  8530C-100  pressure  transducer  is  mounted  inside  the  25.4  mm  sphere  model  behind  a 
1.32  mm  diameter  port  and  at  a  depth  of  1.78  mm  from  the  front  of  the  model’s  spherical  surface  (see 
Figure  3.14).  The  uncertainty  of  the  recorded  pressure  measurements  is  estimated  to  be  ±  0.7  psi,  and  the 
pressure  data  is  recorded  in  1  ps  increments.  The  model  is  vertically  rotated  by  means  of  the  u-joint  to 
position  the  location  of  the  pressure  port.  The  uncertainty  of  the  angle  port  position  is  ±  3  degrees. 

The  model  was  mounted  such  that  the  Mach  cone  coming  off  of  the  wedge  comers  did  not  impact  on 
the  sphere  model  (see  Figure  3.17).  This  positioning  of  the  model  was  done  to  minimize  any  three 
dimensional  effects  of  the  Mach  cone’s  impact  on  the  model. 

The  electronic  leads  connected  to  the  transducer  are  secured  to  the  sting,  sting  mount,  and  are  taken  out 
along  a  channel  in  the  sting  mount  through  the  top,  rear  of  the  test  section.  The  signal  from  the  transducer 
is  conditioned  by  the  Endevco  Model  109  Piezoresistive  Conditioner.  The  signal  is  low  pass  filtered  and 
read  into  an  HP  oscilloscope.  The  pressure  data  is  digitally  recorded  from  the  oscilloscope  and  stored  in 
ASCII  text  format.  The  pressure  data  was  averaged  for  multiple  pressure  traces. 

Figure  3.18  and  Figure  3.19  give  the  calibration  results  for  the  Endevco  pressure  transducer  mounted  in 
the  sphere  model  prior  to  the  shock  impingement  tests.  Likewise,  Figure  3.20  -  Figure  3.22  give  the 
calibration  results  for  the  pressure  transducer  mounted  in  the  model  prior  to  the  laser  energy  deposition 
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tests  upstream  of  the  sphere  without  the  shock  impingement.  The  calibrations  all  show  the  linearity  of  the 
Endevco  gauges  used  for  the  surface  pressure  tests. 

The  gauges  typically  lasted  anywhere  from  one  to  thirty  wind  tunnel  runs.  Particle  (dust,  paint  chips, 
etc.  from  the  tanks,  piping,  and  stagnation  chamber)  hits  on  the  gauge  during  a  wind  tunnel  run  destroyed 
the  gauges  during  the  testing.  The  gauge  diaphragm  is  very  delicate  and  is  susceptible  to  destruction 
caused  by  high  speed  particle  impacts.  Four  gauges  where  utilized  in  the  test  program,  and  the  wind  tunnel 
nozzle  area  and  test  section  were  continually  cleaned  to  eliminate  as  much  particulate  matter  as  possible. 


Figure  3.14  Sphere  surface  pressure  model 


Figure  3.15  Pressure  model  mounted  in  wind  tunnel 
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Figure  3.16  Schematic  of  sphere  model,  wedge,  and  approximate  energy  deposition  locations 


Figure  3.17  Mach  cone  diagram  for  three  dimensional  effects  of  wedge  in  tunnel  test  section  (dimensions 
in  inches) 
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Transducer  output  voltage,  (Volts) 


Figure  3.18  Endevco  pressure  transducer  calibration  for  24  Jun  2000  for  laser  energy  deposition  upstream 
of  Mach  3.45  sphere  with  shock  impingement  tests 


Figure  3.19  Endevco  pressure  transducer  calibration  for  27  Jun  2000  for  laser  energy  deposition  upstream 
of  Mach  3.45  sphere  with  shock  impingement  tests 
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Figure  3.20  Endevco  pressure  transducer  calibration  for  the  27  Nov  2000  tests,  258  mJ/pulse  laser  energy 
deposition  1 .0  diameter  upstream  of  Mach  3 .45  sphere  without  shock  impingement 


Figure  3.21  Endevco  pressure  transducer  calibration  for  the  28  Nov  2000  tests,  127  mJ/pulse  laser  energy 
deposition  1.0  diameter  upstream  of  Mach  3.45  sphere  without  shock  impingement 
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Figure  3.22  Endevco  pressure  transducer  calibration  for  the  29  Nov  2000  tests,  13  mJ/pulse  laser  energy 
deposition  1 .0  diameter  upstream  of  Mach  3 .45  sphere  without  shock  impingement 

3.6  Surface  Heat  Transfer 

The  determination  of  heat  transfer  to  a  body  immersed  in  a  compressible  fluid  is  a  complex  problem. 
The  equations  governing  the  heat  transfer  involve  the  fluid  dynamic  equations  and  the  body  heat 
conduction  equations.  These  equations  must  be  solved  in  a  coupled  fashion  to  determine  the  heat  transfer 
and  temperature  profile  within  the  boundary  layer  and  within  the  body. 

However,  heat  transfer  measurements  can  be  made  by  the  use  of  thin  film  resistance  gauges,  thick  film 
calorimeters,  surface  thermocouples,  and  embedded  differential  gauges.  The  time  response  for  thin  film 

gauges  are  typically  on  the  order  of  10“7  seconds,  [127]  and  for  thick  film  calorimeters  the  time  response 
can  be  comparable.  However,  for  thick  film  gauges  small  heat  fluxes  cannot  be  determined.  The  heat  flux 
can  be  two  orders  of  magnitude  more  sensitive  for  the  thin  film  gauges  when  compared  to  the  thick  film 
gauges.  [127]  Another  common  temperature  transducer  is  the  thermocouple.  Thermocouples  operate  on 
the  Seebeck  effect  due  to  dissimilar  metal  junctions.  [128]  The  limitation  for  using  thermocouples  is  that 
the  Seebeck  voltage  produced  by  temperature  changes  is  on  the  order  of  microvolts  or  tens  of  microvolts. 
These  microvolt  signals,  especially  during  measurements  of  transient  temperature  fluctuations,  are  veiy 
susceptible  to  noise.  On  the  other  hand,  thin  film  gauges  supplied  with  current  in  either  a  potentiometer  or 
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a  bridge  circuit  will  produce  signals  in  the  tens  of  millivolts  range.  These  millivolt  signals  can  be  further 
amplified.  Thus,  the  signals  from  the  resistance  based  thermometers  are  much  less  susceptible  to  external 
noise  when  compared  to  the  lower  level  Seebeck  signals  of  the  thermocouples.  Thus,  the  response  time, 
simplicity  of  construction,  and  the  simplicity  of  operation,  led  to  the  selection  of  thin  film  gauges  for  the 
heat  transfer  measurements,  and  besides,  the  use  of  thin  film  gauges  is  a  proven  technique  in  transient  and 
short  duration  facilities  with  operating  times  of  10  milliseconds  and  less.  [53] 

3.6.1  Thin  Film  Gauge  Theory 

The  basic  concept  of  using  metallic  films  to  measure  heat  flux  lies  in  the  physical  principle  that 
conducting  metals  have  an  electrical  resistance  that  is  a  function  of  temperature.  The  resistance  of  metallic 
conductors  increases  as  temperature  increases  and,  conversely,  decreases  as  temperature  decreases.  This 
physical  phenomena  of  metallic  conductors  occurs  due  to  the  vibrational  excitation  dependence  on 
temperature  of  the  atoms  in  the  metallic  crystalline  structure.  [133]  As  the  temperature  increases  the  atoms 
vibrate  more  rigorously.  As  the  temperature  decreases  the  atoms  vibrate  less.  Theoretically,  if  the 
temperature  is  decreased  to  absolute  zero,  vibration  of  the  atoms  cease.  The  valence  electrons  in  metals  are 
shared  with  all  atoms  within  the  crystal  structure  (thus,  metals  are  good  conductors  because  of  these  “free” 
electrons).  If  an  electrical  potential  is  applied,  the  electrons  have  a  net  drift  and  a  current  is  established. 
The  principle  of  electrical  resistance  comes  about  due  to  the  collisions  of  electrons  with  the  atoms  in  the 
metallic  crystalline  structure.  These  collisions  impede  the  motion,  or  the  net  drift,  of  the  electrons.  As  the 
atoms  vibrate  more  rigorously,  more  collisions  are  mathematically  probable,  and  therein  lies  the 
temperature  —  resistance  relationship  for  metallic  conductors.  [133]  If  metals  are  cooled  to  temperatures 
approaching  absolute  zero,  superconductivity  is  approached  (i.e.,  zero  resistivity  due  to  the  lower 
probabilities  of  electron  -  atom  collisions). 

As  a  side  note,  semi-conductors  behave  oppositely.  As  temperature  increases,  electrical  conductivity 
increases.  [133]  This  phenomena  is  due  to  electrons  in  the  valence  bonds  of  the  semi-conductor  crystalline 
structure  being  released  as  atomic  vibrations  are  increased  due  to  temperature.  As  opposed  to  metals,  the 
semi-conductor  does  not  have  the  free,  shared  electrons  mentioned  above.  The  electrons  kicked  free  from 
the  valence  bonds  by  the  increase  in  atomic  vibrations  leads  to  the  increase  in  conductivity  for  the  semi- 
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conductor  material.  This  is  why  thermistors  (common  semi-conductor  temperature  transducers)  have  a 
negative  temperature  -  resistance  slope  as  opposed  to  the  positive  slope  for  metals  such  as  platinum. 

The  heat  transfer  measured  from  thin  film  gauges  assumes  heat  conduction  into  a  one-dimensional, 
semi-infinite  material  (see  Figure  3.23).  Schultz  and  Jones  [126]  give  the  details  of  this  theory.  A  brief 
summary  of  the  methodology  is  presented  here. 

The  temperature  profile  in  the  materials  shown  in  Figure  3.23  is  governed  by  the  Fourier  heat 
conduction  equation  for  each  region 


d%  1  STy 
dx2  a,  dt 


(3.9) 


d%  _  1  dT2 
dx2  a2  dt 


(3.10) 


where  T  is  the  temperature,  a  is  the  thermal  diffusivity,  *  is  the  one-dimensional  spatial  coordinate  into 
the  material,  and  t  is  the  time.  The  boundary  conditions  are 
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T}=T2  at  x  =  e 

(3.13) 

T2—>  0  as  x  — »  oo 

(3.14) 

where  k  is  the  thermal  conductivity,  q  is  the  heat  flux,  and  e  is  the  gauge  thickness.  The  initial  conditions 
are 


7]  =  7^  =  0  at  t  =  0.  (3.15) 

The  temperature,  T,  is  a  temperature  difference  referenced  to  another  temperature  such  as  the  ambient 
temperature,  or  the  temperature  at  the  infinite  boundary,  x  -»  oo  .  Taking  the  Laplace  transform,  applying 

t 

the  boundary  and  initial  conditions,  and  then  taking  the  inverse  Laplace  transform,  the  surface  temperature 
and  surface  heat  transfer  rate  at  x  =  0  become 
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(3.16) 


(3.17) 


where  the  subscript  5  refers  to  the  condition  at  the  surface.  The  integral  can  be  integrated  by  parts  to 
eliminate  the  derivative  term  in  Equation  (3.17).  Because  of  the  derivative  term,  any  noise  imposed  on  the 
signal  for  Ts  will  be  greatly  amplified  by  the  heat  flux  calculation.  Finally,  the  heat  transfer  equation  is 
given  by 


4s(t)=lmk  m+i  f 

V  n  Jt  2  j 


Jt  {t-zY1 


(3.18) 


where  it  has  been  assumed  *  ->  0  for  the  thin  film.  This  equation  can  be  numerically  integrated  to  obtain 
the  heat  flux  as  a  function  of  time  based  on  discrete  measurements  for  the  surface  temperature.  The 
equation  in  numerical  form,  based  on  the  Cook-Felderman  technique,  [22]  then  becomes 


(3.19) 


Simeonides  [129]  gives  a  detailed  derivation  of  Equation  (3.19),  and  a  detailed  derivation  of  the  above 
equations  for  the  one  dimensional  analysis. 


54 


55 


Figure  3.23  One  dimensional,  semi-infinite  heat  conduction  model 


Table  3.4  Thermal  properties 


Attribute 

Units 

MACOR 

Platinum 

Steel 

Density,  p 

Thermal  conductivity,  k 
Specific  heat,  c 

Thermal  diffusivity,  a 

g/cm3 

W/m°C 

kJ/kg’C 

m2/s 

2.52 

1.46 

0.79 

7.33  xlO-7 

21.45 

69.1 

0.134 

2.4  xlO-5 

7.80 

43 

0.473 

1.17xl0-5 

3.6.2  Heat  Transfer  Model  Description 

The  thin-film  heat  transfer  gauges  were  constructed  by  painting  and  kiln  firing  thin  platinum  strips  to  a 
MACOR  ceramic  substrate.  Electrical  leads  connected  the  gauges  to  a  signal  conditioner  whereby  the 
resistance  changes  where  transformed  to  voltages,  amplified,  and  sent  to  a  computer  for  data  logging  and 
analysis. 


3.6.2. 1  Model  Construction 

The  model  material  selection  process  was  based  on  functionality.  The  most  common  materials  used  for 
the  substrate  are  MACOR,  a  machinable  ceramic,  and  Pyrex,  a  high  temperature  glass.  There  are  two 
reasons  for  using  a  ceramic  or  a  glass  material.  The  first  reason  is  the  ceramic  is  an  electrical  insulator  and 
will  not  interfere,  or  short,  the  electrically  conducting  temperature  resistance  gauge.  The  second  reason  for 
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using  the  ceramic  is  the  need  for  a  thermally  non-conducting  material.  The  one-dimensional  and  semi- 
infinite  assumptions  for  the  heat  flux  measurements  (see  Section  3.6.1)  are  also  a  limiting  factor  for  the 
substrate  material.  The  thermal  insulating  property  of  the  ceramic  or  glass  maintains  the  validity  of  the 
one-dimensional  and  semi-infmite  assumptions  of  the  theory.  MACOR  was  chosen  because  of  the  relative 
ease  for  which  it  can  be  formed  into  different  shapes  by  machining.  MACOR  can  be  machined  similar  to 
low-grade  steel.  In  contrast,  Pyrex,  or  other  types  of  glass,  must  be  either  ground  and  polished,  or  heated 
and  blown  to  desired  shapes.  MACOR  also  has  better  strength  and  crack  resistant  properties  when 
compared  to  glass.  These  characteristics  lead  to  better  mounting  options  for  the  models  in  the  wind  tunnel. 
For  instance,  the  MACOR  models  can  be  drilled  and  tapped  with  threads  for  mounting  to  the  test  section 
sting  in  the  wind  tunnel.  The  knowledge  obtained  with  MACOR  will  allow  for  more  flexibility  in  future 
heat  transfer  model  construction  for  the  Gasdynamics  lab. 

Platinum  was  selected  for  the  thin  film  temperature  resistance  material.  Platinum  has  the  best  resistance 
temperature  characteristics  compared  to  other  conductor  materials  such  as  silver,  gold,  nickel,  steel,  copper, 
etc.  [126,  129]  Furthermore,  platinum  is  the  standard  for  short  duration,  shock  tunnel  facilities.  It  is  also 
the  standard  by  which  other  temperature  probes  are  calibrated.  [117].  Table  3.4  lists  the  thermal  properties 
for  MACOR,  platinum,  and,  for  comparison,  steel. 

One-inch  diameter  MACOR  rods  were  machined  with  a  hemisphere  nose.  A  3/8  -  24  -  UNF  hole  was 
drilled  and  tapped  in  the  back  of  the  ceramic  rod,  and  this  threaded  hole  was  mated  to  the  wind  tunnel  sting. 
A  0.1  inch  port  was  drilled  into  the  center  of  the  rod  at  the  back  of  the  hemisphere  to  mount  a  K-type 
thermocouple  to  monitor  the  internal  substrate  temperature  during  the  tunnel  tests.  This  internal 
temperature  was  measured  to  validate  the  semi-infinite  temperature  boundary  condition.  The  surface  of  the 
hemisphere  was  polished.  The  surface  was  inspected  with  a  microscope  and  no  visible  scratches  were 
observed  prior  to  the  application  of  the  platinum  gauges  and  silver  contact  leads. 

The  metallo-organic  (Englehard  Liquid  Bright  Platinum  05X)  platinum  paint  for  the  gauges  was  applied 
with  one  stroke  of  a  10/0  Sable  brush.  The  widths  of  the  platinum  gauges  were  approximately  0.6  mm  and 
the  length  approximately  2  mm.  The  thickness  of  the  gauges  was  estimated  to  be  approximately  1  pm, 
similar  to  gauges  used  in  other  research  facilities.  [8 1 ,  75] 
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After  the  metallo-organic  platinum  was  painted,  they  were  allowed  to  dry  under  a  heat  lamp  for  10 
minutes.  Next,  the  substrate  and  gages' were  fired  in  a  kiln.  The  Fast-glaze  program  was  used  with  a 
setting  of  Cone-21 .  A  pre-heat  time  of  30  minutes  and  hold  time  of  30  minutes  was  found  to  work  best  for 
firing  the  platinum  gauges  and  silver  leads.  The  firing  time  was  about  5  hours  and  20  minutes  (depending 
on  the  starting  ambient  temperature),  and  the  maximum  temperature  at  the  hold  time  was  1 1 12  F.  The  top 
vent  hole  in  the  side  of  the  kiln  was  left  open  to  allow  the  metallo-organic  solvent  vapors  to  vent  off  during 
the  firing.  After  the  firing  program  had  completed,  the  gauges  were  left  in  the  oven  for  another  5  to  6  hours 
to  allow  the  gauges  to  cool  slowly  without  quenching.  If  the  gauges  are  quenched,  the  metallic  gauges, 
leads,  and  MACOR  can  crack.  The  slow  cooling  process  also  allows  the  gauges  and  substrates  to  relieve 
internal  stresses. 

Silver  contact  leads  were  painted  on  the  MACOR  to  provide  contact  to  the  platinum  gauges.  Metallo- 
organic  silver  A2282  paint  was  used.  The  silver  leads  were  fired  with  the  same  temperature-time  profile  as 
for  the  platinum. 

Wire- wrap  30  gage  leads  were  connected  to  the  silver  contacts  with  CircuitWorks  CW2400  silver 
loaded  epoxy.  Prior  to  epoxying  the  leads  to  the  silver  contacts,  the  wire  was  tacked  in  place  with 
CircuitWorks  CW  4300  Quick-Bond  Gel  and  Adhesive.  Shielded  24-gauge,  7  strand,  Belden  cable,  in  turn, 
was  soldered  to  the  30  gage  leads.  There  are  two  reasons  for  using  the  multi-strand  cabling.  First,  the 
multi-strand  cable  provides  more  conductor  surface  area.  For  metallic  conductors,  the  high  frequency 
signal  is  carried  at  the  surface.  Therefore,  for  the  optimal  transmission  of  high  frequency  signals, 
conductors  with  maximum  surface  area  should  be  used.  Thus,  multi-strand  cabling  should  be  used  for  high 
frequency  signal  transmission.  Second,  the  multi-strand  cabling  can  have  smaller  radius  bends  when 
compared  to  the  single  strand  cabling.  This  “tighter  bending”  gives  more  flexibility  for  running  the 
transmission  cables  from  the  test  section  to  the  signal  conditioner.  The  shielded  cable  was  then  brought  to 
the  custom-built  signal  conditioner  (see  Section  3. 6.2. 2).  The  cable  shielding  was  grounded  to  the  signal 
conditioner  through  the  9-pin  standard  serial  connector.  The  silver  leads  were  over  coated  with 
CircuitWorks  Overcoat  CW3300C  to  provide  some  abrasion  resistance  protection  for  the  silver  contacts. 
No  overcoat  was  applied  to  the  platinum  and  the  silver  contacts  across  the  hemisphere  surface  to  minimize 
any  unnecessary  distortion  to  the  spherical  surface.  Non-conductive  epoxy  was  applied  over  the  contact 
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area  to  protect  the  cabling  from  flow  environment  of  the  wind  tunnel.  Moreover,  the  shielded  cabling  was 
epoxied  to  the  sting  and  splitter  plate  to  protect  the  cabling  in  the  test  section.  The  cables  along  the  sting 
were  also  wrapped  with  copper  tape  to  provide  additional  electrical  shielding. 

Loops  in  the  cabling  were  kept  to  a  minimum,  and  twisted  cabling  was  used  to  minimize  the  noise  pick 
up  from  external  sources.  [27]  A  minimum  of  length  of  cabling  was  also  used  from  the  gauge  to  the  signal 
conditioner  to  minimize  the  noise  from  external  sources  and  the  loss  of  signal  due  to  low  voltage 
transmission  losses. 

Figure  3.24  shows  the  eight  gauge  model  mounted  in  the  test  section  with  the  compression  ramp  used  to 
generate  the  impinging  shock.  Figure  3.25  is  a  close  up  view  of  the  model  mounted  in  the  test  section.  A 
k-type  thermocouple  was  also  epoxied  into  the  center  of  the  sphere  to  monitor  the  temperature  of  the  inside 
of  the  sphere  during  the  wind  tunnel  testing.  This  temperature  was  needed  to  verify  the  semi-infinite  theory 
for  the  gauges  (see  Section  3.6.1). 

The  eight  gauge  model  was  mounted  in  the  tunnel  such  that  the  gauges  were  in  the  vertical  symmetry 
plane  for  the  hemisphere.  Table  3.1  lists  the  angle  locations  for  the  gauges. 

Table  3.5  Gauge  locations  for  eight  gauge  model 

Gauge  number  Angle  (degrees  from  horizontal) 

1  0.011.7 

2  5.711.7 

3  11.111.7 

4  16.911.7 

5  23.211.7 

6  29.611.7 

7  36.111.7 

8  42.211.7 
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Figure  3.24  Eight  gauge  heat  transfer  hemisphere  model  mounted  in  wind  tunnel  test  section  with  shock 
impingement  ramp 


Figure  3.25  Eight  gauge  model  showing  platinum  films  and  silver  leads  on  MACOR  hemisphere 


3.6.2.2  Low-noise  Signal  Conditioner  Design 


Figure  3.26  is  a  schematic  for  one  channel  of  the  four  channel  signal  conditioner  for  the  platinum  thin 
film  resistance  temperature  gauges.  A  wheatstone  bridge  converts  the  resistance  of  the  platinum  gauge  to  a 
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voltage  signal.  The  bridge  is  powered  with  constant  voltage  from  a  low-noise  linear  Power  One  179-2071- 
ND  power  supply.  The  voltage  to  the  bridge  is  controlled  with  a  317  JRC  voltage  regulator.  The  regulator 
voltage  output  to  the  bridge  can  be  controlled  with  an  adjustable  trim  potentiometer,  and,  moreover,  the 
regulator  supplies  additional  noise  suppression  for  the  applied  bridge  voltage.  In  addition,  capacitive  filters 
supply  even  more  noise  suppression.  These  components  are  also  shown  in  Figure  3.28. 

The  bridge  can  be  balanced  by  a  trim  potentiometer  for  each  channel  (see  Figure  3.27).  The  bridge  will 
be  balanced  when 


Rgage^ 100  ^Irim^lOO 


(3.20) 


where  Rgage  is  the  gauge  resistance  (100  to  350  ohms),  7?100  are  the  bridge  resistors  (100  ohms),  and  Rtrim 
is  the  potentiometer  resistance  (0  to  500  ohms).  The  output  signal  from  the  balanced  bridge  will  be 
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(3.21) 


where  AV0  is  the  output  signal,  A Rgage  is  the  change  in  the  gauge  resistance,  and  Vi  is  the  applied  bridge 


voltage. 

A  low-noise  precision  Maxim  Max  427  op  amp  amplifies  the  signal  output  from  the  bridge  circuit  (see 
Figure  3.26  and  Figure  3.28).  The  gain  of  the  amp  is  10  (set  by  the  ratio  of  the  feedback  resistors)  and  the 
amp  is  wired  for  differential  signal  input  mode.  Differential  mode  suppresses  additional  external  signal 
noise  pickup.  [27] 

The  power  and  signal  input  from  the  gauge  is  passed  to  the  signal  conditioner  through  a  standard  9-pin 
serial  connector  (see  Figure  3.27).  The  shielding  from  the  gauge  leads  were  grounded  to  the  signal 
conditioner  through  the  external  9-pin  cover.  This  shielding  provides  additional  external  noise  suppression. 
[27]  The  power  for  the  signal  conditioner  is  supplied  with  standard  120  volt  AC.  A  special  thanks  to  Mr 
John  Petrowski  for  his  help  in  the  design,  and  for  constructing  this  signal  conditioner  with  the  utmost  in 
workmanship. 


Figure  3.26  Signal  conditioner  schematic  for  one  channel 


Figure  3.27  Front  view  of  four  channel  signal  conditioner 
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Figure  3.28  Four  channel  signal  conditioner  components 


3.6.3  Heat  Transfer  Gauge  Calibration 

The  heat  transfer  gauges  were  calibrated  in  a  static  temperature  bath.  A  single  stagnation  point  gauge 
on  a  hemisphere  was  then  dynamically  tested  in  the  wind  tunnel. 

3.63.1  Static 

The  thin  film  platinum  gauges  were  calibrated  in  a  glycerin  bath.  Glycerin  is  used  because  it  is 
electrically  non-conducting.  It  also  has  a  high  boiling  temperature  and  can  be  used  to  calibrate  over  a  broad 
range  of  temperatures.  A  k-type  thermocouple  was  used  to  monitor  the  temperature  of  the  bath,  and  the 
gauges  were  connected  to  the  signal  conditioner  set  at  the  operational  applied  bridge  voltage,  i.e.,  2  volts. 
The  static  bath  data  was  recorded  with  National  Instruments  Labview  software  and  a  BNC  2120  board 
connected  to  a  PCMI  card  inserted  in  a  laptop  computer.  Figure  3.29  is  the  results  for  the  calibration  of  the 
single  stagnation  point  gauge  on  the  MACOR  hemisphere.  The  range  of  calibration  temperatures  for  this 
gauge  was  22  to  45  C.  The  calibration  shows  the  gauge  to  be  linear  over  the  temperature  range  of  interest. 
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Figure  3.30  is  the  glycerin  bath  calibration  for  gauges  1  through  4  of  the  eight  gauge  hemisphere  model. 
Figure  3.31  is  the  internal  temperature  of  the  embedded  k-type  thermocouple  inside  the  sphere  during  the 
calibration.  Likewise,  Figure  3.32  and  Figure  3.33  are  the  calibration  results  for  gauges  5  through  8.  The 
lower  temperature  were  calibrated  using  an  ice  bath.  These  lower  temperatures  were  calibrated  after  the 
first  wind  tunnel  results  for  the  stagnation  point  gauge  were  obtained  (see  Section  3. 6.3. 2). 
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Figure  3.29  Static  calibration  of  stagnation  point  heat  transfer  gauge 


63 


Bath  temperature,  Tb,  (C)  e  Bath  temperature,  Tb,  (C) 


66 


3.6.3.2  Blunt  Body  Heat  Transfer  and  Dynamic  Tests 


The  platinum  temperature  resistance  and  surface  heat  flux  gauges  were  tested  in  the  wind  tunnel  on  a 
sphere.  These  results  were  compared  to  theoretical  results  for  stagnation  point  blunt  body  heat  transfer. 
The  single  stagnation  point  hemisphere  gauge  was  tested  in  the  wind  tunnel  and  compared  to  the  van  Driest 
stagnation  point  heat  flux  equation.  [142]  van  Driest  estimates  the  stagnation  point  heat  flux  for  a  sphere  as 

q0  =  0.763  Pr-°'6  ^^K(haw-hw)  (3.22) 

where  q0  is  the  wall  heat  flux  at  the  stagnation  point,  Pr  is  the  Prandtl  number  (Pr  =  0.72  for  air),  pe  is  the 

density  at  the  edge  of  the  boundary  layer,  pe  is  the  viscosity  at  the  edge  of  the  boundary  layer,  is  the 

dx 


velocity  gradient  at  the  edge  of  the  boundary  layer  where  x  is  the  coordinate  in  the  azimuthal  direction,  haw 
is  the  enthalpy  at  the  adiabatic  wall,  and  hw  is  the  enthalpy  at  the  wall.  For  an  ideal  gas,  Equation  (3.22) 
becomes 


q0  =0.763?r-°-6^J^^cp(T0 -Tw) 


(3.23) 


where  the  edge  conditions  are  defined  by  the  pitot  conditions  since  the  evaluation  is  on  the  stagnation 
streamline.  The  viscosity  is  determined  with  Equations  (2.3)  and  (2.10).  The  pitot  density  is  defined  by 
Equations  (2.6),  (2.19),  and  (2.20).  The  enthalpy  for  an  ideal  gas  is  defined  by  Equation  (2.9).  Finally, 
Anderson  [6],  from  Newtonian  theory,  derives  a  relationship  for  the  velocity  gradient  for  the  stagnation 
streamline  for  a  sphere  as 


dx  R\j 


(3.24) 


where  R  is  the  radius  of  the  sphere,  p02  is  the  pitot  pressure  given  by  Equation  (2.19),  pm  is  the  freestream 
pressure  given  by  Equation  (2.1 1),  and  p02  is  the  pitot  density  as  defined  in  Equation  (3.23).  More  details 
on  the  derivation  of  Equations  (3.22)  and  (3.24)  can  be  found  in  Anderson  [6]  and  Schlichting  [123], 
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Equation  (3.22)  works  for  an  ideal  gas  non-reacting  flow,  in  other  words,  a  cold  flow.  If  the  flow  is  a 
high  enthalpy  flow,  and  the  gas  is  reacting,  a  more  correct  expression  for  the  stagnation  point  heat  transfer 
is  given  by  the  analysis  of  Fay  and  Riddell.  [39] 

Figure  3.34  shows  the  temperature  for  the  single  point  stagnation  gauge  for  test  run  1.  The  tunnel 
startup  is  shown  by  the  heating  of  the  gauge  from  6-8  seconds.  This  heating  occurs  due  to  the  starting  of 
the  test  section  and  the  propagation  of  the  shock  through  the  test  section  and  past  the  model.  Once  the 
tunnel  starts,  the  gauge  records  a  steady  cooling  of  the  stagnation  point.  This  cooling  is  due  to  the  fact  that 
the  stagnation  temperature  is  cooler  than  the  ambient.  When  the  tunnel  shuts  down,  there  is  a  significant 
decrease  in  temperature. 

Figure  3.35  is  the  temperature  for  test  run  2,  and  Figure  3.36  compares  test  run  1  and  2.  In  Figure  3.35 
the  strobe  flash  is  marked  on  the  plot  for  shadowgraph  images  taken  during  run  2.  Some  of  these 
shadowgraph  images  are  shown  in  Figure  3.43.  Most  significant  is  the  image  for  the  shut  down  of  the 
tunnel,  shadowgraph  number  16.  This  image  shows  a  shock  impinging  upon  the  model  due  to  the  tunnel 
shutdown.  This  shock  impingement  gives  significant  decrease  in  temperature  during  the  tunnel  shutdown. 
Figure  3.37  and  Figure  3.38  show  the  tunnel  stagnation  pressure  and  the  stagnation  temperature  during  the 
run.  Both  of  these  figures  show  the  stagnation  temperature  drop  during  the  wind  tunnel  run.  Most  of  the 
stagnation  temperature  drop  is  due  to  the  drop  in  the  temperature  of  the  air  in  the  compressed  air  storage 
tanks.  The  tank  air  temperature  drops  due  to  the  expansion  of  the  air  in  the  tanks  as  the  air  is  removed 
during  the  operation  of  the  wind  tunnel.  A  simple  analysis  shows  that  the  final  temperature,  Tf ,  of  the  air 

in  the  tanks  is  given  by 


Tf  = 


N.1-7I 


Pi 


T, 


jn 


(3.25) 


where  pi  is  the  initial  tank  pressure,  2]  is  the  initial  tank  temperature,  Am  is  the  mass  of  air  removed  from 
the  tanks,  R  is  the  ideal  gas  constant  for  air,  V  is  the  tank  volume,  and  n  is  the  exponent  describing  a 
polytropic  expansion.  For  a  polytropic  gas,  the  relation  between  the  temperature  and  pressure  is 


67 


68 


II 

TI 

where  pf  is  the  final  pressure.  For  an  isothermal  process,  n  is  equal  to  one.  For  an  adiabatic  process  n  is 
equal  to  1.4. 

The  amount  of  air  mass  used  during  a  wind  tunnel  run  can  be  determined  by  the  continuity  equation  and 
assuming  an  isentropic  expansion  through  the  wind  tunnel  nozzle.  Thus,  the  mass  used,  Am ,  is  given  by 

Am  =  At  p0MA 

where  At  is  the  time  of  the  wind  tunnel  run,  y  is  the  ratio  of  specific  heats,  R  is  the  gas  constant  for  air, 
p0  is  the  stagnation  pressure,  T0  is  the  stagnation  temperature,  M  is  the  Mach  number  in  the  test  section, 

and  A  is  the  test  section  cross  sectional  area.  Assuming  no  other  losses  through  the  piping  system,  the  tank 
temperature  will  drop  according  to  Equations  (3.25)  and  (3.27)  during  the  operation  of  the  wind  tunnel,  and 
this  temperature  will  then  become  the  stagnation  temperature  in  the  wind  tunnel.  Figure  3.39  shows  the 
temperature  drop  associated  with  the  tank  expansion  process  for  isothermal  to  adiabatic  processes  for  a 
typical  10  second  run  time,  for  various  initial  tank  pressures,  and  a  typical  initial  tank  temperature  of  293 
K.  Pope  and  Goin  [110]  also  give  results  for  stagnation  temperature  drops  that  can  occur  due  to  throttling 
through  the  pressure  control  valve.  For  most  of  the  data,  the  starting  tank  pressure  was  above  1000  psi,  so 
the  drop  in  tank  temperature  was  typically  less  than  15  K. 

Figure  3.40  is  the  heat  transfer  for  test  run  1  without  any  filtering  applied  to  the  temperature  data. 
Figure  3.41,  and  Figure  3.42  show  the  computed  heat  transfer,  temperature,  and  the  van  Driest  (see 
Equation  (3.23))  heat  transfer  for  the  test  runs.  In  Equation  (3.23),  an  estimated  value  at  the  end  of  the 
operation  of  the  wind  tunnel  run  is  used  for  the  stagnation  temperature  value.  For  these  latter  two  plots  the 
temperature  has  been  filtered  prior  to  the  computation  of  the  heat  transfer  (see  Equation  (3.19)).  The 
temperature  was  filtered  with  a  sliding  least  squares  second  order  polynomial  smoothing  routine.  By 
comparing  Figure  3.40,  Figure  3.41,  and  Figure  3.42  the  necessity  of  filtering  the  temperature  can  be  seen. 
Any  noise  in  the  temperature  will  be  greatly  amplified  by  the  derivative  term  in  Equation  (3.17)  for  the  heat 
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flux.  For  both  test  runs  the  measured  heat  flux  asymptotically  approaches  the  van  Driest  heat  flux.  At  the 
end  of  the  run,  the  difference  between  the  measured  and  van  Driest  heat  flux  is  within  10%. 

For  the  eight  gauge  model  surface  heat  flux  tests,  a  k-type  thermocouple  was  mounted  on  the  inside  of 
the  hemisphere.  This  k-type  thermocouple  was  placed  here  to  determine  the  extent  to  which  the  semi¬ 
infinite  gauge  theory  would  be  valid  for  the  25.4  mm  diameter  sphere  tests  in  the  wind  tunnel.  Figure  3.44 
shows  the  results  for  one  of  the  wind  tunnel  runs.  The  theory  for  the  measurement  of  the  heat  transfer, 
based  on  this  measurement  result,  would  be  valid  for  wind  tunnel  runs  of  12  seconds,  or  less,  from  the  start 
of  supersonic  flow  within  the  test  section.  Therefore,  tunnel  run  times  were  targeted  at  10  seconds  for  the 
heat  transfer  tests.  The  thermocouple  measurements  were  logged  for  each  test  discussed  in  Chapter  5. 

Figure  3.45  shows  the  response  of  gauges  1-3  on  the  eight-gauge  hemisphere  model  with  a  laser 
discharge  0.6  sphere  diameters  from  the  front  of  the  hemisphere  in  quiescent  air.  The  rise  time  for  each 
gauge  is  0.7  ps.  The  response  time  is  estimated  to  be  2  ps  based  on  the  heating  due  to  the  laser  spark.  The 
temperature  trace  for  each  of  the  three  gauges  is  unfiltered  data,  and  T  -  Ta  is  the  measured  temperature 
relative  to  the  ambient  temperature,  Ta.  The  data  signal  has  been  converted  to  a  temperature  based  on  the 
bath  calibration  results  of  Section  3.6.3. 1.  The  rise  in  temperature  associated  with  the  blast  wave 
corresponds  to  the  time  a  blast  wave  would  hit  the  sphere  based  on  the  results  to  be  given  in  Chapter  4  and 
the  distance  from  the  sphere.  The  low  level  of  noise  present  on  the  temperature  data  is  readily  apparent. 
The  noise  level  is  estimated  to  be  ±  0. 1  K.  The  heating  signal  from  the  spark  flash  was  verified  by  blocking 
the  gauge  with  a  cover  and  firing  the  laser.  This  verified  that  the  gauge  was  not  picking  up  a 
electromagnetic  noise  from  the  laser  power  supply  during  the  laser  pulsing.  It  also  verified  the  heating 
produced  from  the  blast  wave  emanating  from  the  laser  discharge  location. 

The  thin  film  gauges  were  considered  operational  at  this  point.  Tests  continued  to  measure  the  surface 
temperature  and  heat  flux  for  the  energy  deposition  upstream  of  the  sphere  with  and  without  shock 
impingement  (see  Chapters  5  and  6). 


69 


Temperature,  T  w,  (C) 


Temperature,  T,  (C) 


Stagnation  temperature, 


72 


PM  PM  PM  PM  PM  PM 
Time 


O 


6 

I* 

o> 

a 

o 


f 

-2 

00 


<►  Po 
□  PI 
■  P2 
x  P3 
*  P4 
o  P5 
+  Pll 
A  To 


Figure  3.38  Tunnel  parameters  for  test  run  2 


Figure  3.39  Drop  in  wind  tunnel  air  storage  tank  temperature  for  polytropic  expansion  process;  10  s  wind 
tunnel  operation  time  and  stagnation  pressure  of  150  psi 
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Figure  3.41  Stagnation  point  heat  flux  from  test  ran  1  computed  from  smoothed  temperature  data  and 
comparison  to  theoretical  heat  flux 
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Figure  3.42  Stagnation  point  heat  flux  from  test  run  2  computed  from  smoothed  temperature  data  and 
comparison  to  theoretical  heat  flux 
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Figure  3.44  Embedded  thermocouple  temperature  and  comparison  to  thin  film  platinum  gauge  surface 
temperature 
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Figure  3.45  Time  response  for  gauges  1-3,  a)  -  c),  respectively,  for  radiation  and  blast  wave  heating  from 
laser  energy  deposition  into  quiescent  air  1.0  diameter  upstream  of  sphere 
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3.7  Intersecting  Shocks 

Figure  3.46  is  a  schematic  and  Figure  3.48  -  Figure  3.49  are  photos  of  the  wedge  models  mounted  in  the 
wind  tunnel.  Table  3.6  lists  the  wedge  parameters  used  for  the  laser  energy  deposition  tests  upstream  of  the 
crossing  shocks  within  the  dual  solution  domain. 

The  two  different  span  wedges  were  used  to  determine  the  effect  of  the  span  on  the  three-dimensional 
effects  of  the  energy  deposition.  There  was  difficulty  in  starting  the  wind  tunnel  with  the  original  wedges 
of  4w  span,  where  w  is  the  wedge  length  (see  Figure  2.8).  Figure  3.47  compares  the  tunnel  test  section 
blockage  between  the  symmetric  wedge  models  and  the  sphere  and  wedge  model  used  for  the  Edney  shock 
impingement  tests.  The  model  used  for  the  shock  impingement  tests  had  successfully  started  in  the  wind 
tunnel.  However,  the  initial  4 w  span  models  did  not.  The  sting  for  these  wedges  had  an  upper  bracket  for 
mounting  wedges  of  different  wedge  angles.  The  original  4 w  span  wedges  with  this  upper  mounting 
bracket  would  not  start  in  the  wind  tunnel.  The  span  of  the  wedges  was  reduced  to  2.2 w  to  allow  the  tunnel 
to  start.  The  wedges  were  sized  with  the  wedge  length,  w  =  25.4  mm,  to  give  comparable  blockage  in  the 
test  section  as  for  previous  test  programs.  New  wedges  were  made  with  a  span  of  4 w  without  the  upper 
mounting  bracket.  In  addition,  the  sting  was  modified  to  reduce  the  amount  of  blockage  in  the  test  section. 
The  modified  wedge  and  sting  configurations  reduced  the  amount  of  blockage  in  the  tunnel  test  section. 
Moreover,  by  not  having  the  mounting  bracket,  the  oblique  shock  from  this  bracket  was  not  present.  This 
oblique  shock,  generated  by  the  mounting  bracket,  tended  to  trip  the  boundary  layer  in  the  test  section  for 
the  original  4 w  span  wedges  leading  to  the  tunnel  not  starting. 

Finally,  having  the  two  different  span  wedges  allowed  for  a  study  of  laser  energy  deposition  and  a 
correlation  with  the  three-dimensional  effects  associated  with  the  intersecting  shocks  in  the  dual  solution 
domain.  Ivanov  et  al  [67]  and  Schmisseur  and  Gaitonde  [125]  have  demonstrated  the  three-dimensional 
dependence  of  the  Mach  stem  for  crossing  shocks  within  the  dual  solution  domain. 

Table  3.6  Wedge  model  parameters 

wedge  length,  w  25.4  mm 

wedge  span,  b  55.8  and  101.4  mm 

wedge  separation,  2g  30.2  mm 
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Figure  3.46  Symmetric  wedge  models  (dimensions  given  in  inches) 


Figure  3.47  Test  section  blockage  comparison  between  symmetric  wedge  models  and  the  sphere  and 
wedge  model  for  the  Edney  Type  IV  shock  impingement  tests  (dimensions  given  in  inches) 
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Figure  3.48  55.8  mm  span  symmetric  wedge  models  mounted  in  wind  tunnel  test  section 


Figure  3.49  101.4  mm  span,  22  degree  symmetric  wedge  models 
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3.8  Axisymmetric  Jets 

Two  axisymmetric  nozzles  with  exit  diameters  of  12.5  mm  were  investigated.  The  Mach  0.85  and  1 .38 
nozzles  were  designed  for  perfect  expansion  at  atmospheric  conditions.  Therefore,  they  were  converging 
and  converging-diverging  nozzles,  respectively.  A  small  co-flow  was  provided  for  seeding  purposes  as  the 
perfectly  expanded  jet  exhausted  into  the  atmosphere.  Cross  jet  (x),  streamwise  (y),  and  transverse  (z) 
directions  are  indicated  in  Figure  3.50.  Since  the  jet  was  not  heated,  the  stagnation  temperature  remained  at 
room  temperature.  The  stagnation  conditions  are  summarized  in  Table  3.7,  and  the  exit  conditions  are 
summarized  in  Table  3.8.  Table  3.9  summarizes  the  Reynolds  numbers  and  convective  Mach  and 
velocities  for  the  nozzles. 


Figure  3.50  Test  apparatus  for  axisymmetric  jet  3  component  PIV  measurements 


Table  3.7  Test  nozzles’  stagnation  conditions 


Nozzle  Stagnation 

Exit  Pressure 
Mach  (MPa) 

0.85  0.16 

1.38  0.31 


Stagnation  Stagnation 
Temperature  Density 

(K)  (kg/m3) 

300  1.89 

300  3.54 
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Table  3.8  Test  nozzles’  exit  conditions 


Nozzle 

Velocity 

Temperature 

Pressure 

Density 

Exit 

Mach 

(m/s) 

(K) 

(MPa) 

(kg/m3) 

0.85 

276 

262 

0.10 

1.35 

1.38 

408 

219 

0.10 

1.61 

Table  3.9  Test  nozzles’  Reynolds  number  and  calculated  convective  Mach  and  velocities 


Nozzle 

Exit 

Mach 

Rep 

M* 

M? 

u; 

(m/s) 

Uj 

(m/s) 

0.85 

2.3xl05 

- 

- 

- 

- 

1.38 

5.3xl05 

0.63 

0.23 

220 

342 

*  Calculated  from  Eqs.  (2.40)  and  (2.41) 
f  Calculated  from  Eqs.  (2.42),  (2.43),  and  (2.44) 


Table  3.10  Electric  arc  characteristics 


Pulse 

Width 

G*s) 

7 


Energy  Current 
(mJ)  (Amp) 

1  3 


Voltage 

(volt) 

50 


Pulse 

Frequency 

(kHz) 

1-18 


Table  3.11  Nd:YAG  excitation  laser  characteristics 


Width  Ener§y  Wavelength 

Ins)  (mJ)  (nm) 

10  5-  40  532 


Pulse 

Frequency 

(Hz) 

10 


The  under-expanded  jet  was  created  with  a  12.7  mm  diameter  converging  nozzle  operated  at  a 
stagnation  pressure  of  500  kPa  in  ambient  air.  A  Mach  disk  formed  in  the  jet  with  the  nozzle  operated  at 
this  condition.  The  stagnation  temperature  was  increased  to  400  degrees  K  to  avoid  condensation  from  the 
moisture  in  the  air.  The  purpose  of  heating  the  air  was  to  avoid  scattering  signals  from  ice  particles  (Mie 
scattering)  instead  of  the  air  molecules  (Rayleigh  scattering).  In  the  case  of  energy  deposition  in  quiescent 
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air,  the  jet  nozzle  was  removed  from  the  experimental  set  up  to  eliminate  any  blast  wave  reflections  from 
the  nozzle  surfaces. 

3.9  Particle  Image  Velocimetry 

A  LaVision  3-component  PIV  system  was  used  to  measure  the  complete  velocity  field  at  each  measurement 
plane.  This  system  uses  two  views  (i.e.  cameras)  to  construct  all  three  velocity  components  (see  Figure  3.50). 
The  two  cameras  are  corrected  for  oblique  optical  distortion  and  use  image  processing  software  to  align  the 
fields  of  view.  This  stereo  camera  setup  allows  for  the  out-of-plain  velocity  component  to  be  calculated.  Each 
of  the  interline  transfer  cameras  allow  two  frames  to  be  taken  with  2  ps  separation  between  frames.  From  the 
two  frames,  the  velocity  field  was  calculated  using  standard  cross  correlation  techniques  with  32  by  32  pixels 
and  50  percent  overlap.  [113]  The  spatial  resolution  of  the  cameras  is  1280  by  1024  pixels,  and  the  images 
were  digitized  to  12-bit  resolution.  The  two  illumination  pulses  were  from  a  pair  of  Q-switched  NdrYAG 
lasers,  each  providing  about  20  mJ  per  pulse.  Cylindrical  and  spherical  optics  were  used  to  form  a  1-mm  thick 
laser  sheet,  which  was  passed  transversely  through  the  jet  so  that  the  compressible  shear  layer  could  be 
visualized.  Both  the  supersonic  jet  and  co-flow  were  seeded  with  0.5-pm  Aluminum  oxide  particles.  Based  on 
this  size,  the  particles  sufficiently  followed  the  flow  structures. 

The  accuracy  of  the  PIV  measurements  is  estimated  to  be  ±  2%  (or  ±  4  m/s)  based  on  the  designed  nozzle 
exit  conditions,  and  PIV  measurements  taken  at  the  nozzle  exit. 

3.10  Pressure  Probe 

Pressure  probe  measurements  were  made  for  the  laser  discharge  in  quiescent  air  (see  Chapter  4)  and 
outside  of  the  shear  layer  for  the  axisymmetric  jet  tests  (see  Chapter  7). 

Pressure  measurements  were  recorded  outside  of  the  jet  shear  layer  with  an  Endevco  8514-20  pressure 
transducer  mounted  in  a  probe  (see  Figure  3.51).  Power  was  supplied  to  the  transducer  with  an  Endevco 
Model  106  power  supply,  and  an  Endevco  Model  109  signal  conditioner  amplified  the  transducer  signal. 
The  signal  was  filtered  with  a  Krohn-Hite  3 103  A  filter  with  cut-off  high  and  low  frequencies  of  70  kHz  and 
10  Hz  respectively.  The  output  from  the  signal  conditioner  was  displayed  on  a  HP  500  MHz  oscilloscope, 
and  the  data  was  digitally  recorded  through  a  National  Instruments  GPIB-PCMI  card  connected  to  a  laptop 
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PC.  The  pressure  transducer  was  statically  calibrated  over  the  range  of  expected  pressures  (see  Figure 
3.54). 

The  pressure  across  the  blast  wave  generated  with  the  laser  induced  breakdown  was  recorded  with  a 
Kistler  211B5  pressure  transducer  mounted  to  a  probe  (see  Figure  3.52).  The  signal  from  the  pressure 
transducer  was  amplified  with  a  Kistler  signal  conditioner  and  then  recorded  with  a  HP  500  MHz 
oscilloscope.  The  data  was  digitally  recorded  with  a  National  Instruments  GPIB-PCMI  card  connected  to  a 
laptop  PC. 

Figure  3.53  gives  the  results  for  the  calibration  of  the  Kistler  pressure  probe,  and  Figure  3.54  gives  the 
results  for  the  calibration  of  the  Endevco  pressure  probe.  The  Endevco  probe  was  statically  calibrated  over 
a  range  of  pressures.  The  data  was  fit  with  a  linear  least  squares,  and  this  fit  determined  the  calibration 
coefficient  for  converting  the  voltage  output  signal  to  the  pressure  data.  The  Kistler  transducer  was 
dynamically  calibrated  in  the  Rutgers  University  Undergraduate  Lab  Shock  Tunnel  over  the  range  of 
expected  pressures  for  the  experiment  (see  Figure  3.53).  Both  of  the  pressure  probes  are  linear  over  the 
pressure  ranges  measured  in  the  experiments.  The  uncertainty  for  the  Endevco  probe  is  ±  0.05  psi  and  ± 
0. 1  psi  for  the  Kistler  probe. 


Figure  3.51  Pressure  probe  with  Endevco  8514-20  piezoresistive  pressure  transducer 
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Pressure,  p,  (psig) 


Figure  3.52  Pressure  probe  with  Kistler  21 1B5  piezoelectric  pressure  transducer 


Kistler  Pressure  Transducer  Calibration  -  Rutgers  Shock  Tube  -  21  Feb  2002 
Model  21 1B5,  SNC193161 


Kistler  Transducer  Output,  V,  (volts) 


Figure  3.53  Calibration  of  Kistler  piezoelectric  pressure  transducer  used  for  quiescent  blast  wave 
measurements 
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Chapter  4 

Laser  Energy  Deposition  in  Quiescent  Air 

4.1  Overview  of  Laser  Energy  Deposition  in  Quiescent  Air  Experiments 

The  objective  of  these  quiescent  air  tests  was  to  determine  some  of  the  flow  characteristics  associated 
with  depositing  laser  energy  into  air,  and  then  use  these  characteristics  to  verify  and  validate  the  numerical 
models  being  developed.  These  flow  characteristics,  i.e.,  blast  wave  propagation  and  blast  wave  pressure, 
are  needed  for  the  verification  and  validation  of  the  gasdynamic  model  development  of  Yan  et  al  [151],  and 
the  plasmadynamic  model  development  of  Kandala  and  Candler.  [71]  Moreover,  the  energy  deposition 
into  quiescent  air  provides  the  initial  step  in  a  building  block  approach  for  a  basic  understanding  of  the  flow 
physics  of  the  deposition  process,  and  as  it  is  applied  to  more  complex  flows  (see  Chapter  5  -  Chapter  7). 

4.2  Flow  Visualization 

Filtered  Rayleigh  scattering  (see  Section  3.2.2)  was  used  to  visualize  the  process  of  laser  induced 
breakdown  in  quiescent  air  and  to  give  a  qualitative  assessment  of  the  flow  associated  with  the  laser  energy 
deposition.  First,  images  are  provided  to  show  flow  visualization  of  the  entire  process.  Second,  images  are 
taken  of  the  early  times  of  the  process  at  various  energy  deposition  levels  to  characterize  the  blast  wave  for 
model  verification. 

The  laser  induced  breakdown  process  has  been  described  in  Section  2.3.1.  The  asymmetric  formation 
of  the  laser  deposition  region  will  lead  to  an  initial  ellipsoidal  blast  wave  and  then  a  subsequent  vortex  ring 
formation  at  later  times  (see  Figure  4.1).  In  the  early  stages  of  the  formation  process,  the  plasma  forms  and 
a  laser  supported  detonation  wave  [119]  will  propagate  up  the  laser  incidence  axis  towards  the  focal  lens 
(see  Figure  4.1  a)  and  b)).  The  laser  supported  detonation  wave  will  induce  fluid  motion  within  the  plasma 
region  up  the  axis  towards  the  lens  (see  Figure  4.1  b)  and  c)).  This  fluid  motion  will  create  shearing 
stresses  with  the  adjacent  cooler  ambient  fluid.  The  cooler  ambient  fluid  will  also  begin  to  move  into  the 
back  of  the  plasma  region,  and  the  heated  fluid  will  be  ejected  forward,  towards  the  lens  (see  Figure  4.1  d)). 
A  blast  wave  begins  to  move  out  from  the  heated  region  and  is  initially  ellipsoidal  in  shape  due  to  the 
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asymmetric  plasma  region.  However,  the  blast  wave  becomes  spherical  by  5  to  10  ps  (see  Figure  4.1  c) 
and  d)).  Baker  [7]  also  observes  the  spherical  blast  wave  from  asymmetric  energy  sources  for  larger 
explosions.  A  primary  vortex  ring  structure  resides  at  later  times  due  to  the 'asymmetric  plasma  formation 
process  and  the  initial  asymmetric  blast  wave  and  expansion  processes.  These  initial  asymmetric 
temperature  and  pressure  distributions  have  been  modeled  by  Dors  et  al  [32]  and  have  been  shown  to 
induce  the  formation  of  the  observed  vortex  ring.  More  recently,  Kandala  and  Candler  [71]  have  modeled 
the  plasma  formation  process  and  have  shown  a  similar  asymmetric  temperature  distribution  along  the 
optical  axis  as  used  by  Dors  et  al  [32], 

Figure  4.2  shows  filtered  Rayleigh  scattering  images  for  the  laser  induced  breakdown  in  air  for  various 
times  after  the  laser  pulse.  At  2  ps  the  asymmetric  blast  wave  is  observed,  and  by  10  ps  the  wave  becomes 
spherically  symmetric  in  shape.  At  30  ps  the  formation  of  a  vortex  ring  is  apparent.  The  vortex  ring  can 
and  ejected  heated  fluid  can  be  seen  at  the  later  times.  Figure  4.3  shows  the  growth  of  the  vortex  ring,  and 
Figure  4.4  shows  the  motion  of  the  vortex  ring.  These  measurements  were  taken  from  filtered  Rayleigh 
scattering  images  in  two  series  of  experiments.  The  vortex  ring  moves  away  from  the  focusing  lens  along 
the  optical  axis.  This  motion  of  the  vortex  ring,  away  from  the  focusing  lens  and  along  the  optical  axis, 
also  verifies  the  sign  of  the  vorticity  as  indicated  in  Figure  4.1  e),  and  as  simulated  by  Dors  et  al.  [32]  The 
uncertainty  in  the  measurements  given  in  Figure  4.3  and  Figure  4.4  is  ±  0.2  mm. 

The  radiation  from  the  bremsstrahlung  process  subsides  by  approximately  10  ps  and  is  dependent  on 
the  incident  radiation  energy.  Likewise,  the  strength  of  the  blast  wave,  magnitude  of  asymmetry,  size  of 
the  deposition  region,  and  the  strength  of  the  vortex  ring  depend  on  the  incident  energy.  These 
characteristics  also  depend  on  the  optics  of  the  incident  laser,  i.e.,  focal  length,  beam  diameter,  and  beam 
divergence. 

In  addition,  filtered  Rayleigh  scattering  images  were  taken  for  six  different  laser  energy  levels  and  with 
two  different  focal  length  lenses.  The  incident  energy  level  was  measured,  and  blast  wave  measurements 
were  made  from  these  Rayleigh  scattering  images  to  quantify  the  energy  levels  associated  with  the  blast 
wave.  The  objective  of  these  flow  visualization  quiescent  experiments  is  to  provide  gross  flow  features, 
i.e.,  the  blast  wave  characteristics,  for  verification  and  validation  of  the  energy  deposition  models. 
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Figure  4.5  and  Figure  4.6  show  the  filtered  Rayleigh  scattering  time  sequence  of  images  for  the  laser 
induced  breakdown  from  5  to  40  ps  for  a  laser  incidence  of  1 12  mJ/pulse.  Likewise,  Figure  4.7  and  Figure 
4.8  show  the  time  sequence  of  images  for  98  mJ/pulse,  Figure  4.9  and  Figure  4.10  show  the  time  sequence 
of  images  for  76  mJ/pulse,  Figure  4.1 1  and  Figure  4.12  show  the  time  sequence  of  images  for  50  mJ/pulse, 
and  Figure  4.13  and  Figure  4.14  show  the  time  sequence  of  images  for  20  mJ/pulse.  Finally,  Figure  4.15 
and  Figure  4.16  show  the  time  sequence  of  images  for  the  laser  induced  breakdown  from  5  to  40  ps  for  1 16 
mJ/pulse.  Each  image  is  an  average  of  50  images  where  the  laser  sheet  for  the  Rayleigh  scattering  image  is 
phase  locked  to  the  energy  deposition  laser.  The  energy  deposition  source  laser  is  incident  from  the  top, 
and  the  laser  sheet  for  the  Rayleigh  scattering  visualization  cuts  through  the  center  plane  of  the  laser  spark. 
The  blast  wave  propagates  out  from  the  spark  location.  The  blast  wave  measurements  taken  from  these 
images  are  given  in  Section  4.4.1. 

The  deposition  region  is  characterized  by  the  bright  tear  drop  shaped  region  where  the  plasma  releases 
radiation  by  the  bremsstrahlung  process.  Even  though  the  laser  energy  deposition  pulse  only  lasts  10  ns, 
the  emission  of  visible  radiation  can  be  seen  from  5  to  14  ps  for  the  1 12  mJ/pulse  case  (see  Figure  4.5).  By 
comparison,  this  bremsstrahlung  effect  has  subsided  by  5  ps  for  the  20  mJ/pulse  case  (see  Figure  4.13). 
For  the  other  energy  levels  the  bremsstrahlung  emission  subsides  between  the  times  for  these  to  boundary 
energy  levels.  The  blast  wave  can  be  seen  propagating  out  from  the  laser  deposition  region  for  each  of  the 
energy  levels.  The  asymmetric  deposition  region  is  formed  by  the  plasma  formation  process  and  is 
observed  for  each  case.  However,  the  asymmetry  decreases  with  the  decreasing  energy  levels.  Although 
the  energy  deposition  region  is  asymmetric,  the  blast  wave  becomes  spherical  by  6  to  7  ps.  Baker  [7]  has 
noted  that  the  blast  wave  becomes  spherical  with  increasing  radial  distance  for  any  finite  shaped  energy 
source  region.  A  vortex  formation  is  observed  for  times  after  25  ps.  This  vortex  is  due  to  the  asymmetric 
plasma  formation  (see  Figure  4.1)  and  is  observed  by  Adelgren  et  al  at  later  delay  times  out  to  900  ps.  [2] 
This  vortex  formation  has  also  been  observed  by  Dors  et  al.  [32] 

The  energy  deposition  levels  and  optical  characteristics  are  summarized  in  Table  4.1  and  the  ambient 
conditions  are  given  in  Table  4.2  for  these  test  cases. 
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a) 


Laser  incidence 


Focal  diameter 

1  Initial  plasma  formation,  0+  ns 


b) 


Laser  incidence 


Laser  Supported  Detonation  Wave 
Plasma  growth,  <10  ns 


Flow  generated  behind  wave 
Wave  propagation  up  focal  axis 


c) 


Asymmetric  blast  wave,  -1-2  us 


Laser  pulse  ends,  >10  ns 


d) 


Heated  fluid  ejectei 


Bremsstrahlung  radiation  subsides,  -10  us 


Spherical  blast  wave,  -5-10  us 

Cooler,  denser  ambient  fluid  entrained 


Vortex  formation  due  to  initital 
asymmetric  temperature  and  pressure 
distributions  and  subsequent  asymmetric 
blast  wave  and  expansion  processes 


e)  Heated  fluid  v  ^ 
Thermal  spot  structures,  -50-900  us 
Secondary  vortex  ring 


Primary  vortex  ring 
Cool  fluid 


Figure  4.1  Blast  wave  formation  and  vortex  ring  development  for  laser  induced  optical  breakdown  in 
quiescent  air 
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200  ns  500  |as 

Figure  4.2  Filtered  Rayleigh  Scattering  images  of  laser  induced  breakdown  in  quiescent  air  at  various 
times,  time  /  =  0  corresponds  to  laser  spark  pulse 
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Figure  4.4  Vortex  ring  motion  along  optical  axis  (measured  from  Filtered  Rayleigh  Scattering  images, 
negative  direction  is  motion  away  from  the  focusing  lens) 


93 


96 


96 


40  ps 


Figure  4.8  Filtered  Rayleigh  scattering  images  and  blast  wave  measurement  points  for  98  mJ/pulse,  16  - 
40  ps 
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12  ns  14  ns 


Figure  4.11  Filtered  Rayleigh  scattering  images  and  blast  wave  measurement  points  for  50  mJ/pulse,  5  - 
14  ps 
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Figure  4.12  Filtered  Rayleigh  scattering  images  and  blast  wave  measurement  points  for  50  mJ/pulse,  16 


12  ns  14  ps 

Figure  4.13  Filtered  Rayleigh  scattering  images  and  blast  wave  measurement  points  for  20  mJ/pulse,  5  - 
14  ps 
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Figure  4.14  Filtered  Rayleigh  scattering  images  and  blast  wave  measurement  points  for  20  mJ/pulse,  16  - 
35  ps 
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4.3  Energy  and  Deposition  Volume 

The  energy  for  the  deposition  was  estimated  by  taking  laser  beam  power  readings  before  and  after  the 
laser  breakdown  region.  This  is,  of  course,  an  upper  bound  for  the  energy  deposited  into  the  flow.  There 
will  be  losses  associated  with  radiation  and  scattering  off-axis  not  recorded  by  the  power  meter  after  the 
breakdown  region.  Some  of  the  energy  is  reflected,  transmitted,  scattered,  and  emitted  by  the  plasma. 
Kandala  and  Candler  [71]  have  modeled  the  plasma  formation  process  and  have  quantitatively  estimated 
some  of  the  losses  associated  with  the  Nd:YAG  laser  plasma  formation.  The  energy  deposition  levels  for 
the  various  tests  are  reported  throughout  the  document.  The  estimated  accuracy  of  the  energy  deposition 
levels  is  ±  5  mJ/puIse.  In  addition,  the  blast  wave  propagation  speed  was  measured  as  a  parameter  of  the 
energy  deposition  level  (see  Section  4.4.1). 

The  diameter  of  the  focal  point  region  is  governed  by 

d  =  f0  (4.1) 

where  d  is  the  focal  diameter, /is  the  focal  length,  and  9  is  the  beam  divergence.  The  estimated  deposition 
volumes  for  the  various  tests  are  given  throughout  this  document  based  on  various  optical  arrangements. 

4.4  Blast  Wave 

4.4.1  Wave  Propagation  Speed 

Table  4.1  lists  the  characteristics  of  the  energy  deposition  laser  used  for  the  quiescent  air  blast 
measurements.  Table  4.2  lists  the  atmospheric  conditions  for  laser  energy  deposition  into  quiescent  air 
tests. 

Figure  4.17  summarizes  the  shock  wave  radius  versus  time  data  for  the  test  cases  described  in  Section 
4.2  above.  The  measurements  for  the  blast  wave  radius  were  taken  from  the  FRS  images  taken  at  each  time 
increment  and  for  each  energy  level.  At  each  individual  time  increment,  a  sample  of  30  to  40  points  were 
manually  read  from  the  FRS  images.  Each  point’s  pixel  location  was  then  least  squares  fit  to  determine  the 
blast  wave  radius,  given  by 
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(*<v  -  xo,t  f  +  (yt,t  -  y0,,  f  =  n2  (4.2) 

where  the  point  (*0./>}’o.()  is  the  center,  r,  is  the  radius,  and  the  point  (x, , ,  yit )  is  the  ith  data  point.  The 

subscript  t  refers  to  the  time  of  the  image.  This  reference  time  is  the  time  delay  between  the  laser  pulse  for 
the  energy  deposition  and  the  time  the  image  is  recorded. 

In  turn,  the  blast  wave  radius  versus  time  data  was  least  squares  curve  fit  to  determine  the  values  for  a 
power  function  defined  by 

r  =  atb+c  (4.3) 

where  r  is  the  radius  of  the  blast  wave,  t  is  the  time,  and  a,  b,  and  c  are  the  fitting  parameters.  The  wave 
propagation  speed  was  then  simply  determined  by  taking  the  derivative  of  Equation  (4.3).  Figure  4.18 
shows  the  shock  speed  as  a  function  of  time,  and  Figure  4.19  gives  the  shock  Mach  number  as  a  function  of 
time. 

Figure  4.20  compares  the  experimentally  determined  time  exponent,  b  in  Equation  (4.3),  with  the  well 
known  Taylor-Sedov  [139]  point  source  explosion  equation  for  blast  wave  radius  given  by 


r  =  C 


,V5 

t2,S 


(4.4) 


where  r  is  the  blast  wave  radius,  C  is  a  constant  depending  the  gas,  E0  is  the  energy  of  the  explosion,  p0 
is  the  initial  density,  and  t  is  the  time.  As  can  be  seen  in  Figure  4.20  the  time  exponent  for  the  laser  energy 
deposition  experiments  (~0.9)  is  significantly  different  than  the  Taylor-Sedov  time  exponent  of  0.4.  The 
difference  comes  from  the  similarity  solution  assumption  used  to  derive  Equation  (4.4)  of  the  ambient 
pressure  being  much  less  than  the  pressure  after  the  blast  wave.  This  requirement  of  a  strong  wave  is  not 
met  by  the  laser  energy  deposition  where  for  the  times  observed  in  the  experiments  the  wave  speed  quickly 
approaches  the  acoustic  speed  as  seen  in  Figure  4.19.  Initially,  Sedov  [153]  analyzed  the  wave  propagation 
characteristics  for  the  case  where  the  back  pressure  cannot  be  neglected.  More  recently  McGuire  [89] 
verified  the  Sedov  theory  for  pressure  measurements  made  to  determine  the  wave  characteristics  with 
significant  back  pressure  for  the  blast  wave  generated  with  laser  energy  deposition. 

The  blast  wave  radius  versus  time  data  for  each  energy  deposition  level  is  presented  in  Figure  4.21 
through  Figure  4.25.  The  number  of  points  read  to  fit  the  radius  according  to  Equation  (4.2)  was 
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determined  by  the  number  needed  to  approach  a  normal  distribution  of  residuals  for  the  fit.  This  normal 
distribution  of  residuals  was  then  used  to  give  an  estimate  on  the  uncertainty  in  the  measured  radius.  The 
residuals  are  shown  for  each  energy  test  case  in  the  figures  by  an  error  bar  at  each  experimental  data  point. 
The  error  bars  plotted  on  the  radius  versus  time  plot  are  the  ±a  (one  standard  deviation)  distribution  for 
the  residuals.  The  numerical  simulation  outlined  in  Section  2.3.2  is  also  shown  for  each  energy  case  on  the 
plots  for  comparison  with  the  experimental  data. 

In  summary,  experimental  measurements  were  made  of  the  blast  wave  propagation  for  varying  laser 
energy  deposition  levels.  These  measurements  were  then  used  to  verify  and  calibrate  the  model 
development  effort  of  Yan  et  al  [151].  This  model  can  now  be  used  to  verify  and  validate  the  energy 
deposition  into  more  complex  three-dimensional  flow  fields.  In  addition,  the  energy  deposition  levels  can 
be  estimated  with  this  model  when  the  energy  levels  are  not  easily  measured  by  experiment.  For  instance, 
if  the  blast  wave  propagation  speed  can  be  measured  from  wind  tunnel  schlieren  images,  then  an  estimate 
can  be  made  of  the  amount  of  energy  deposited  into  the  flow  with  this  calibrated  one-dimensional  model. 
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Table  4.1  Perturbation  laser  characteristics 


Differential  Beam 

Incident  Beam 

Lens  Focal  Length 

Energy 

Wavelength 

(mJ) 

(nm) 

(mm) 

112 

532 

120 

98 

532 

120 

76 

532 

120 

50 

532 

120 

20 

532 

120 

116 

532 

90 

Table  4.2.  Atmospheric  test  conditions 

Differential  Beam 

Ambient  Pressure 

Ambient 

Energy 

(mJ) 

(Pa) 

Temperature 

(K) 

112 

1.013xl05 

291 

98 

1.013xl05 

291 

76 

1.013xl05 

291 

50 

1.013xl05 

291 

20 

1.013xl05 

291 

116 

1.013xl05 

294 
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Shock  radius,  r,  (mm) 


Time,  t,  (us) 

-  1 12  mJ/pulse  fit 

""  116  mJ/pulse  fit 

—  98  mJ/pulse  fit 

—  76  mJ/pulse  fit 
50  mJ/pulse  fit 

-  20  mJ/pulse  fit 

c  a D  112  m J/pulse  data 
^  116  mJ/pulse  data 

XXX  98  mJ/pulse  data 
+++  76  m J/pulse  data 
bed  50  mJ/pulse  data 
OOO  20  mJ/pulse  data 


Figure  4.17  Shock  wave  radius  as  a  function  of  time  for  varying  incident  laser  absorption  energies 


-  112mJ/pulse 

-  116mJ/pulse 

—  98  mj/pulse 

—  76  mJ/pulse 
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"■  20mJ/pulse 


Figure  4.18  Shock  wave  speed  as  a  function  of  time  for  varying  incident  laser  absorption  energies 


Shock  Mach,  Ms 


Blast  Wave  Radius,  r,  (mm)  Blast  Wave  Radius,  r,  (mm) 
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98  mJ/pulse 


Figure  4.22  Shock  wave  propagation  for  98  mJ/pulse 


50  mJ/pulse 


Figure  4.23  Shock  wave  propagation  for  50  mJ/pulse 
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4.4.2  Pressure 

Pressure  measurements  were  made  to  compare  against  the  results  of  the  numerical  simulation  of  Yan  et 
al  [151].  The  objective  of  collecting  this  data  is,  again,  to  verify  and  validate  the  model  development 
effort. 

Two  different  energy  levels  of  58  and  112  mJ/pulse  were  tested.  Figure  4.26  through  Figure  4.34  give 
the  pressure  probe  results  for  the  58  mJ/pulse  laser  energy  deposition  tests  into  quiescent  air.  In  each  figure 
the  numerically  simulated  pressure  is  also  presented  for  comparison.  A  corresponding  schlieren  image 
(taken  with  the  laser/argon  spark  system  Section  3.2.1)  is  also  shown.  The  pressures  have  been  scaled  with 
the  ambient  air  pressure.  In  each  case  the  experimentally  pressure  is  higher  than  the  numerically  simulated 
pressure.  This  higher  pressure  recorded  by  the  Kistler  probe  is  due  to  the  shock  reflection  off  of  the  surface 
of  the  probe.  The  reflection  of  the  shock  wave  from  the  surface  leads  to  a  higher  pressure  measurement 
than  is  expected  from  the  compression  of  the  blast  wave  alone.  However,  the  measured  pressure  shows  the 
proper  characteristics  of  the  passage  of  a  moving  shock  wave.  The  sharp  increase  in  pressure  due  to  the 
initial  compression  is  observed  along  with  the  following  expansion  wave.  The  measured  expansion  is  also 
greater  in  magnitude  than  the  simulated  expansion.  In  a  like  manner,  this  increase  in  measured  expansion 
is  due  to  the  reflection  of  the  expansion  wave  from  the  surface  of  the  pressure  probe.  Figure  4.35  through 
Figure  4.42  gives  the  results  for  the  pressures  for  the  1 12  mJ/pulse  test  case.  Again,  the  magnitudes  of  the 
compressions  and  expansions  due  to  the  passage  of  the  blast  wave  are  greater  for  the  experimental  data. 
This,  likewise,  is  attributable  to  the  reflections  of  the  waves  from  the  surface  of  the  intrusive  probe. 

For  each  of  the  energy  levels,  the  decaying  shock  strength  is  observed  by  the  decaying  pressure  levels. 
This  decay  is  observed  in  both  the  numerical  simulation  and  the  experimental  probe  measurements.  Figure 
4.43  shows  a  comparison  of  the  peak  pressure  levels  associated  with  the  blast  wave  for  the  probe 
measurements,  the  simulation,  and  as  calculated  from  the  normal  shock  relations  for  the  58  mJ/pulse  case. 
Likewise,  Figure  4.44  gives  the  comparison  for  the  1 12  mJ/pulse  case.  In  each  case  the,  the  experimental 
peak  pressure  is  larger  than  the  simulation  and  as  determined  from  the  normal  shock  relations. 

For  each  of  the  energy  levels  tested,  the  difference  in  the  peak  pressure  measured  from  the  probe  to  the 
simulated  pressure  was  40  percent.  The  errors  associated  with  the  intrusive  probe  measurements  definitely 
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justify  the  effort  to  measure  the  thermodynamic  properties  for  the  quiescent  laser  energy  deposition  non- 
intrusively.  Boguszko  et  al  [14]  is  developing  the  Filtered  Rayleigh  Scattering  technique  to  make  these 
non-intrusive  measurements  for  pressure.  Their  measurements  agree  with  the  model  within  1%.  Moreover, 
Boguszko ’s  measurements  will  non-intrusively  measure  the  density  and  temperature  as  well.  These 
measurements  will  be  a  key  factor  in  the  verification  of  the  model  development  effort  of  Yan  et  al  [151] 
and  Kandala  and  Candler  [71]. 
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Figure  4.26  Measured  and  simulated  pressure  traces  at  r  =  6.9  mm  and  corresponding  schlieren  image  at  t 
=  10.8  ps  for  energy  deposition  of  58  mJ/pulse 


Figure  4.27  Measured  and  simulated  pressure  traces  at  r-  9.6  mm  and  corresponding  schlieren  image  at  t 
-  18.4  ps  for  energy  deposition  of  58  mJ/pulse 
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Figure  4.28  Measured  and  simulated  pressure  traces  at  r-  12.0  mm  and  corresponding  schlieren  image  at 
t  =  24.4  ps  for  energy  deposition  of  58  mJ/pulse 
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Figure  4.29  Measured  and  simulated  pressure  traces  at  r  =  17.4  mm  and  corresponding  schlieren  image  at 
t  -  38.4  ps  for  energy  deposition  of  58  mJ/pulse 
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Figure  4.30  Measured  and  simulated  pressure  traces  at  r  =  22.2  mm  and  corresponding  schlieren  image  at 
t  =  52  A  ps  for  energy  deposition  of  58  mJ/pulse 
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Figure  4.31  Measured  and  simulated  pressure  traces  at  r  =  27.3  mm  and  corresponding  schlieren  image  at 
t  =  66.4  ps  for  energy  deposition  of  58  mJ/pulse 
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Figure  4.32  Measured  and  simulated  pressure  traces  at  r-  32.4  mm  and  corresponding  schlieren  image  at 
t~  81.2  ps  for  energy  deposition  of  58  mJ/pulse 


Figure  4.33  Measured  and  simulated  pressure  traces  at  r  =  36.6  mm  and  corresponding  schlieren  image  at 
/  =  94.4  ps  for  energy  deposition  of  58  mJ/pulse 
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Figure  4.34  Measured  and  simulated  pressure  traces  at  r  =  41.7  mm  and  corresponding  schlieren  image  at 
t  =  107.2  ps  for  energy  deposition  of  58  mJ/pulse 


Figure  4.35  Measured  and  simulated  pressure  traces  at  r  =  6.9  mm  and  corresponding  schlieren  image  at  t 
=  10.4  ps  for  energy  deposition  of  1 15  mJ/pulse 
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Figure  4.36  Measured  and  simulated  pressure  traces  at  r  =  9.6  mm  and  corresponding  schlieren  image  at  t 
=  16.4  ps  for  energy  deposition  of  1 15  mJ/pulse 


Figure  4.37  Measured  and  simulated  pressure  traces  at  r  =  12.0  mm  and  corresponding  schlieren  image  at 
t  =  22.4  ps  for  energy  deposition  of  1 15  mJ/pulse 
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Figure  4.38  Measured  and  simulated  pressure  traces  at  r  =  17.1  mm  and  corresponding  schlieren  image  at 
t  -  36.4  jus  for  energy  deposition  of  1 1 5  mJ/pulse 
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Figure  4.39  Measured  and  simulated  pressure  traces  at  r  -  22.2  mm  and  corresponding  schlieren  image  at 
t  -  49.2  pis  for  energy  deposition  of  1 15  mJ/pulse 
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Figure  4,40  Measured  and  simulated  pressure  traces  at  r  —  27.3  mm  and  corresponding  schlieren  image  at 
t  =  63 .2  ps  for  energy  deposition  of  1 1 5  mJ/pulse 


Figure  4.41  Measured  and  simulated  pressure  traces  at  r  =  32.4  mm  and  corresponding  schlieren  image  at 
t  =  77.6  ps  for  energy  deposition  of  1 15  mJ/pulse 
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Figure  4.42  Measured  and  simulated  pressure  traces  at  r  =  36.6  mm  and  corresponding  schlieren  image  at 
t  =  91.2  ps  for  energy  deposition  of  115  mJ/pulse 


Figure  4.43  Comparison  of  peak  pressures  associated  with  the  blast  wave  for  energy  deposition  of  58 
mJ/pulse 
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Figure  4.44  Comparison  of  peak  pressures  associated  with  the  blast  wave  for  energy  deposition  of  112 
mJ/pulse 

4.5  Summary 

Qualitative  and  quantitative  experiments  have  been  completed  for  laser  energy  deposition  into  air.  The 
blast  wave  propagation  speed  and  pressure  have  been  measured  for  various  laser  energy  deposition  levels. 
The  wave  speed  measurements  show  good  agreement  with  the  numerical  simulation  results.  The  pressure 
probe  measurements,  however,  have  errors  of  40%  and  can  be  attributed  to  the  intrusive  probe.  This 
justifies  the  work  by  Boguszko  et  al  [14]  in  making  non-intrusive  velocity,  density,  pressure,  and 
temperature  measurements  for  further  simulation  verification  and  validation.  The  blast  wave  measurements 
will  provide  a  means  of  calibrating  the  levels  of  laser  energy  deposition  for  future  experiments  when  the 
blast  wave  speed  can  be  measured. 
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Chapter  5 

Laser  Energy  Deposition  Upstream  of  Mach  3.45  Sphere 


5.1  Overview  of  Sphere  Tests 

Experiments  were  completed  for  a  sphere  at  Mach  3.45  with  laser  energy  deposition  upstream  of  the 
sphere.  Surface  pressure,  temperature,  and  heat  transfer  measurements  were  made  for  the  cases  of  the 
sphere  with  and  without  shock  impingement.  The  overarching  goal  of  these  tests  was  to  determine  if  the 
laser  energy  deposition  could  be  used  to  mitigate  the  adverse  aerothermal  loads  associated  with  the  Edney 
Type  IV  shock/shock  interaction.  Schlieren  images  were  made  to  record  the  interaction  of  the  laser 
perturbation  with  the  sphere  and  to  correlate  with  the  pressure  and  heat  transfer  data.  Figure  5.1  shows  the 
laser  energy  deposition  locations  for  the  tests  with  the  sphere  alone.  These  tests  were  completed  as  a 
baseline  case  for  comparison  to  the  shock  impingement  test  cases.  Figure  5.2  shows  the  laser  energy 
deposition  locations  for  the  sphere  with  the  Edney  Type  IV  shock/shock  interaction. 
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Figure  5.1  Laser  energy  deposition  locations  for  Mach  3.45  experiments 
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Figure  5.2  Laser  energy  deposition  locations  for  Mach  3.45  sphere  with  Edney  Type  IV  shock/shock 
interaction 


5.2  Sphere  Without  Shock  Impingement 

Surface  pressure  and  heat  transfer  measurements  were  made  on  a  25.4  mm  diameter  sphere  in  the  Mach 
3.45  wind  tunnel  with  laser  energy  deposition  upstream  of  the  sphere.  The  pressure  and  heat  transfer 
measurements  recorded  the  unsteady  interaction  of  the  laser-induced  perturbation.  Schlieren  images  were 
recorded  to  visualize  the  effect  of  the  laser  energy  deposition.  The  data  collected  for  the  sphere  without  the 
shock  impingement  provided  a  baseline  to  compare  against  for  the  shock  impingement  test  cases. 

5.2.1  Steady  State 

Figure  5.3  compares  the  computed  density  field  with  an  experimental  schlieren  image  at  Mach  3.45. 
The  flow  is  from  left  to  right  in  these  images.  The  three-dimensional  Euler  simulation  was  run  with 
freestream  conditions  matched  with  the  conditions  in  the  wind  tunnel.  The  General  Aerodynamic 
Simulation  Program  (GASP)  version  3.2  [3]  was  used  for  the  Euler  simulation  for  the  steady-state  flow 
about  the  sphere.  The  grids  for  the  simulations  were  generated  in  FORTRAN.  Various  grid  sizes  were 
used,  and  the  results  of  a  grid  convergence  study  are  shown  in  Figure  5.4.  The  grid  domain  consisted  of  the 
hemisphere  region  in  front  of  the  sphere.  Freestream  boundary  conditions  were  applied  at  the  upstream 
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boundary  of  the  grid.  Inviscid  boundary  conditions  were  applied  at  the  sphere  surface,  i.e.,  the  flow 
velocity  is  tangent  to  the  sphere  surface.  First  order  extrapolation  from  the  interior  applied  to  the  primitive 
flow  variables  was  applied  at  the  boundary  for  the  flow  exiting  the  downstream  boundary.  The  flux 
algorithm  was  the  2nd  order  accurate  Van  Leer  flux-vector  splitting  scheme.  The  time  integration  was 
performed  with  the  two-factor  approximate  factorization  method  with  a  maximum  CFL  of  5.  [3]  The 
simulation  conditions  were  matched  to  the  tunnel  test  conditions  (see  Table  5.1). 

For  the  steady  state  conditions,  the  computational  and  experimental  shock  stand-off  distances  are  both 
within  3%  of  the  Lobb  model  [85]  given  by 


A  =  0.41£> 


(r-i)Mj+2 

(r+ ml 


(5.1) 


where,  A  is  the  stand-off  distance,  D  is  the  sphere  diameter,  y  is  the  ratio  of  specific  heats,  and  M ^  is 

the  freestream  Mach  number.  Figure  5.5  shows  the  experimental  measurements,  the  Euler  simulation,  and 
the  Lobb  model  for  the  shock  standoff  distance  for  the  sphere.  In  this  figure,  the  density  along  the 
centerline  is  plotted  from  the  Euler  simulation  and  compared  to  the  measurements  for  the  shock  standoff 
distance  taken  from  the  schlieren  images  and  the  computed  distance  given  by  Equation  (5.1). 

Figure  5.6  compares  the  Euler  computational  results  with  the  measured  surface  pressure  distribution  for 
the  sphere  at  Mach  3.45  at  steady  state  with  no  perturbation.  The  computational  results  fall  within  the 
experimental  uncertainty  of  the  data.  The  three  sets  of  data  points  (indicated  by  diamonds,  squares,  and 
triangles)  were  test  data  collected  on  three  subsequent  days  of  testing.  The  repeatability  of  the  measured 
surface  pressure  is  representative  of  the  data  collected  on  the  separate  days  of  testing.  The  surface  pressure 
is  non-dimensionalized  with  the  freestream  pitot  pressure,  p02 ,  (see  Equation  (2.20)).  The  horizontal  error 


bars  in  the  figure  show  the  uncertainty  in  the  angular  position  of  the  pressure  port.  The  uncertainty  for  the 
pressure  is  ±1%  .  Figure  5.4  gives  the  grid  convergence  for  the  Euler  computations  for  the  sphere  model 
for  four  increasing  grid  sizes. 
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Table  5.1  Tunnel  operating  parameters  for  sphere  without  shock  impingement  surface  pressure  tests 


Mach  number 

Reynolds  number  based  on  sphere 

3.45 

diameter,  Ren  =  — — 

1.711xl06 

M 

5.316xl0"s-^- 

ms 

Freestream  viscosity,  \x 

Stagnation  pressure,  p0 

9.308  xlO5  Pa 

Stagnation  temperature,  T0 

263  K 

Stagnation  density,  p0 

12.336^| 

m3 

Freestream  temperature,  T 

77.8  K 

Freestream  pressure,  p 

1.310xl04  Pa 

Freestream  density,  p 

0.587-^y 

m3 

Freestream  velocity,  V 

609.9  m/s 

Freestream  speed  of  sound,  a 

176.8  m/s 

Pitot  pressure,  p02 

2.070  xlO5  Pa 

Pitot  density,  p02 

2.743^| 

Figure  5.3  Computational  density  contours  and  experimental  schlieren  comparison  for  Mach  3.45  sphere 
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Figure  5.4  Grid  convergence  for  sphere  computations 


Figure  5.5  Experimental,  numerical,  and  Lobb  model  [85]  comparison  for  shock  standoff  distance  for 
Mach  3.45  sphere 
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Figure  5.6  Comparison  of  Euler  computations  and  experimental  pressure  distribution 
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5.2.2  Flow  Visualization 

The  laser  energy  deposition  technique  was  applied  as  a  perturbation  upstream  of  the  25.4  mm  sphere 
model  in  the  Mach  3.45  wind  tunnel.  Two  deposition  locations  (1.0  and  0.6  diameters)  on  the  centerline 
axis  were  tested  upstream  of  the  sphere  (see  Figure  5.1).  In  this  section,  schlieren  images  are  presented  to 
qualitatively  describe  the  unsteady  flow  phenomena  as  the  laser  perturbation  interacts  with  the  model. 
Surface  pressure  and  heat  transfer  measurements  are  made  in  the  subsequent  sections  and  quantitatively 
describe  the  interaction  processes. 

As  a  starting  point  and  to  give  an  overview  of  the  process.  Figure  5.7  is  a  schematic  illustrating  some  of 
the  unsteady  flow  features  created  by  depositing  the  laser  energy  upstream  of  the  sphere.  In  all  cases,  for 
both  the  sphere  with  and  without  shock  impingement,  the  energy  deposition  location  was  upstream  of  the 
bow  shock,  and,  therefore,  in  the  supersonic  region  of  the  flow.  The  pulse  width  of  the  laser  is  10  ns. 
Thus,  the  energy  deposited  into  the  flow  can  be  considered  an  instantaneous  event  (see  Figure  5.7  a)). 
After  the  laser  energy  has  been  deposited,  the  spot  will  begin  to  convect  downstream,  and  a  blast  wave  will 
propagate  outward  from  the  spot  (see  Chapter  4).  The  blast  wave  will  reach  the  bow  shock  where  a  weak 
two-shock  interaction  will  take  place  (see  Figure  5.7  b)).  The  blast  wave  is  relatively  weak  compared  to 
the  bow  shock  (blast  wave  Mach  numbers  for  the  quiescent  air  tests  quickly  approached  sonic  conditions 
(see  Chapter  4)0.  However,  a  transmitted  wave  will  propagate  to  the  sphere  surface.  The  effects  of  the 
blast  wave  reflecting  off  of  the  sphere  were  detected  by  the  heat  transfer  measurements  and  will  be 
presented  in  Section  5.2.4.  The  pressure  measurements  did  not  detect  this  reflection  due  to  the  frequency 
response  limitation  of  the  pressure  gauges.  The  thermal  spot  then  reaches  the  bow  shock  where  an 
interface  and  shock  interaction  takes  place  (see  Figure  5.7  c)).  From  this  interaction  the  bow  shock  lenses 
forward,  and  an  expansion  wave  is  transmitted  to  the  sphere  surface  where  the  pressure  and  temperature  are 
reduced.  These  pressure  and  temperatures  were  detected  by  the  surface  pressure  and  temperature 
measurements  and  will  be  presented  in  the  next  Sections.  Finally,  at  the  latter  times,  the  thermal  spot 
impacts  the  sphere,  convects  around  the  sphere,  and  the  bow  shock  collapses  back  to  its  steady  state 
position  (see  Figure  5.7  d)). 
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Figure  5.8  -  Figure  5.11  are  a  time  sequence  of  instantaneous  schlieren  images  for  laser  energy 
deposition  1.0  diameter  upstream  of  a  25.4  mm  diameter  sphere  in  the  Mach  3.45  wind  tunnel.  The 
laser/argon  schlieren  system  described  in  Section  3.2.1  was  used  for  this  sequence  of  images.  The  laser  for 
the  energy  deposition  is  repetitively  fired  at  10  Hz,  and  the  flow  in  the  test  section  effectively  travels  64  m 
between  laser  pulses.  Therefore,  the  schlieren  images  represent  isolated  events,  however,  the  main  features 
of  the  flow  are  linked  in  time  sequence  from  image-to-image.  The  schlieren  flash  and  the  laser  energy 
deposition  are  phase  locked.  The  flow  is  from  right-to-left  in  each  image,  and  the  time  between  the  laser 
pulse  and  the  schlieren  spark  is  given  beneath  each  image.  The  laser  deposition  location  is  indicated  in  the 
0  time  delay  image  in  Figure  5.8.  This  spot  is  in  each  image  and  is  due  to  the  flash,  bremsstrahlung  effect 
(see  Section  2.3.1),  from  the  formation  of  the  plasma  region.  This  bright  spot  is  visible  in  each  image  due 
to  the  fact  that  the  shutter  for  the  camera  is  open  for  all  events,  i.e.,  the  laser  deposition  and  the  schlieren 
flash. 

The  laser  incidence  direction  for  the  laser  energy  deposition  is  shown  in  the  0  ps  in  Figure  5.8.  The 
spark  is  formed  by  focusing  the  1.0  cm  diameter  Nd:YAG  laser  beam  down  through  a  150  mm  focal  length 
lens  (see  Section  3.3).  The  optics  for  focusing  the  beam  down  were  located  below  the  wind  tunnel  test 
section  and  the  beam  was  brought  the  bottom  test  section  observation  window  (see  Section  3.1).  The 
energy  of  the  beam  was  measured  at  283  mJ/pulse,  and  the  energy  deposition  size  is  estimated  at  3±1  mm3 
(see  Section  4.3  for  details  on  energy  measurements  and  for  deposition  volume  estimates). 

The  blast  wave  is  clearly  visible  in  the  schlieren  image  for  a  time  delay  of  10  ps  between  the  laser  pulse 
and  the  schlieren  flash.  At  a  time  delay  of  10  ps,  the  thermal  spot  and  blast  wave  and  the  sphere/bow  shock 
are  isolated  features  in  the  flow.  The  knife-edge  for  the  schlieren  images  is  oriented  vertically  (see  Section 
3.2.1).  The  density  gradients  are  clearly  visible  across  the  hemisphere  model  bow  shock  and  the  blast  wave 
emanating  from  the  laser  energy  deposition.  The  density  gradients  are  in  the  horizontal  direction  for  this 
orientation  of  the  schlieren  knife-edge. 

Between  20  and  30  ps  after  the  laser  energy  deposition,  the  blast  wave  for  the  deposition  hits  the  bow 
shock  of  the  sphere,  is  transmitted,  and  then  reflected  off  of  the  sphere  surface.  The  reflected  shock  from 
the  surface  of  the  sphere  can  be  seen  in  the  30  ps  image.  At  40  ps  the  thermally  heated  region  created  by 
the  laser  energy  deposition  begins  to  interact  with  the  bow  shock  of  the  hemisphere.  Between  40  and  50  ps 
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the  bow  shock  is  distorted  and  blooms  forward  due  to  the  decrease  in  local  Mach  number  in  the  thermally 
heated  region.  In  the  Russian  literature,  Georgievski  and  Levin  [41],  call  this  effect  the  lensing  of  the  bow 
shock.  In  the  40  and  50  [is  images,  streamwise  striations  are  observed.  These  striations  represent 
streamwise  vorticity  as  the  three-dimensional  thermal  region  interacts  with  the  three-dimensional  bow 
shock  of  the  hemisphere.  The  vorticity  evolution  equation  for  compressible  flow  can  be  developed  by 
taking  the  curl  of  the  momentum  equation,  Equation  (2.2).  The  resulting  equation  in  Cartesian  component 
form  for  the  vorticity  transport  is  then  [134] 
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where  Qk  is  the  Ath  component  of  vorticity,  p  is  the  density,  u  -  is  the  /th  component  of  velocity,  t  is 


time,  Xj  is  the  Cartesian  component,  and  p  is  the  viscosity  (see  Equation  (2.3)).  The  terms  on  the  left 

hand  side  describe  the  evolution  of  the  vorticity  in  time  and  space.  The  first  term  on  the  right  gives  rise  to 
vorticity  due  to  the  stretching  and  tilting  of  the  vorticity  due  to  velocity  gradients  in  the  flow.  The  second 
term  is  the  baroclinic  term.  The  baroclinic  term  can  generate  vorticity  due  to  the  misalignment  of  the 
density  and  pressure  gradients  within  the  flow.  The  third  term  on  the  right  gives  the  change  of  vorticity  due 
to  viscosity  and  diffusion  processes.  For  more  details  on  the  compressible  vorticity  transport  equation  see 
Smits  and  Dussauge.  [134] 

First,  there  is  vorticity  in  the  laser  energy  deposition  region.  The  laser  induced  breakdown  of  air 
generates  a  vortex  ring  due  to  the  asymmetric  formation  of  the  plasma  (see  Sections  2.3.1  and  4.1).  This 
vortex  ring  in  the  images  of  Figure  5.8  through  Figure  5.15  is  aligned  with  its  center  axis  along  the  laser 
incidence  axis.  This  vortex  ring  will  stretch  and  tilt  according  to  the  first  term  on  the  left  hand  side  of 
Equation  (5.2). 

The  second  source  of  vorticity  in  the  flow  comes  from  the  curved  bow  shock  interaction  with  the 
thermal  spot  interface.  As  the  spot  migrates  into  the  bow  shock,  vorticity  will  be  generated  by  the 
baroclinic  term,  the  second  term  of  Equation  (5.2).  Samtaney  [122]  has  studied  various  density  bubble 
interface  interactions  with  shock  structures  in  two  and  three  dimensions.  These  interactions  of  shock  waves 
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with  density  stratifications,  and  the  associated  vorticity  generation,  are  known  as  the  Richtmeyer-Meshkov 
instability  environment. 

From  60  to  70  ps  (see  Figure  5.9)  the  thermal  spot  generated  streamwise  vorticity  begins  to  breakdown 
to  the  smaller  scales  of  turbulent  flow.  The  distorted  bow  shock  begins  to  collapse  backward,  and  the 
upstream  portion  of  the  laser  energy  deposition  blast  wave  moves  into  the  bow  shock.  From  80  to  120  ps 
the  bow  shock  collapses  back  more,  and  the  thermally  heated  flow  convects  around  the  sphere.  Finally  at 
160  ps  the  sphere  is  back  at  its  steady  state  condition. 

Figure  5.12  through  Figure  5.15  shows  the  interaction  process  for  the  laser  energy  deposition  0.6 
diameters  upstream  of  the  sphere  and  at  Mach  3.45.  Compared  to  the  energy  deposition  1.0  diameters 
upstream,  the  interaction  process  begins,  as  expected,  earlier  for  the  closer  deposition  location.  The  blast 
wave  impacts  the  bow  shock  and  the  sphere  from  10-20  ps.  The  lensing  of  the  bow  shock  occurs  from  20- 
30  ps.  Streamwise  vorticity  is  also  observed  in  the  schlieren  image  at  30  ps  and  the  breakdown  of  the 
vorticity  to  the  smaller  scales  of  turbulence  from  40-70  ps.  The  upstream  portion  of  the  blast  wave 
interacts  from  30  to  40  ps.  By  120  ps  the  thermal  spot  convects  around  the  sphere,  and  the  bow  shock 
resumes  its  steady  state  shape. 

In  both  of  these  energy  deposition  locations,  the  fluid  dynamic  processes  occur  on  the  order  of  tens  of 
microseconds,  and  the  wave  interactions  on  the  order  of  microseconds.  With  this  time  scale,  the  data 
acquisition  frequency  for  the  surface  pressure  and  temperature  measurements  were  needed  in  the  100  kHz 
range.  The  surface  pressure  and  temperature  measurements  are  presented  in  the  next  Sections. 
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c) 


d) 


Figure  5.7  Flow  features  for  the  laser  energy  deposition  upstream  of  a  Mach  3.45  sphere,  a)  initial 
deposition,  b)  blast  wave  effects,  c)  bow  shock  lensing  due  to  shock  thermal  interface  interaction,  and  d) 
thermal  heating  to  sphere  surface  from  thermal  spot  impingement  and  bow  shock  collapse  back  to  steady 
state 
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Figure  5.8  Instantaneous  argon/laser  generated  schlieren  images  of  Mach  3.45  sphere  with  laser  energy 
deposition  one  diameter  upstream,  0, 10,  20,  and  30  ps  after  laser  energy  deposition,  283  mJ/pulse,  150  mm 
focal  length  lens 
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Figure  5.9  Instantaneous  argon/laser  generated  schlieren  images  of  Mach  3.45  sphere  with  laser  energy 
deposition  one  diameter  upstream,  40,  50,  60,  and  70  ps  after  laser  energy  deposition,  283  mJ/pulse,  150 
mm  focal  length  lens 
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Figure  5.10  Instantaneous  argon/laser  generated  schlieren  images  of  Mach  3.45  sphere  with  laser  energy 
deposition  one  diameter  upstream,  80,  90,  100,  and  120  ps  after  laser  energy  deposition,  283  mJ/pulse,  150 
mm  focal  length  lens 


150  ps  160  ps 

Figure  5.11  Instantaneous  argon/laser  generated  schlieren  images  of  Mach  3.45  sphere  with  laser  energy 
deposition  one  diameter  upstream,  130,  140,  150,  and  160  ps  after  laser  energy  deposition,  283  mJ/pulse, 
150  mm  focal  length  lens 
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Figure  5.12  Instantaneous  argon/laser  generated  schlieren  images  of  Mach  3.45  sphere  with  laser  energy 
deposition  0.6  diameters  upstream,  0,  10,  20,  and  30  ps  after  laser  energy  deposition,  283  mJ/pulse,  150 
mm  focal  length  lens 
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Figure  5.13  Instantaneous  argon/laser  generated  schlieren  images  of  Mach  3.45  sphere  with  laser  energy 
deposition  0.6  diameters  upstream,  40,  50,  60,  and  70  ps  after  laser  energy  deposition,  283  mJ/pulse,  150 
mm  focal  length  lens 
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Figure  5.14  Instantaneous  argon/laser  generated  schlieren  images  of  Mach  3.45  sphere  with  laser  energy 
deposition  0.6  diameters  upstream,  80,  90,  100,  and  1 10  ps  after  laser  energy  deposition,  283  mJ/pulse,  150 
mm  focal  length  lens 
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Figure  5.15  Instantaneous  argon/laser  generated  schlieren  images  of  Mach  3.45  sphere  with  laser  energy 
deposition  0.6  diameters  upstream,  120,  130,  and  140  ps  after  laser  energy  deposition,  283  mJ/pulse,  150 
mm  focal  length  lens 


146 


147 


5.2.3  Surface  Pressure 

The  surface  pressure  was  measured  across  the  vertical  symmetry  plane  of  the  sphere  for  laser  energy 
deposition  1.0  diameter  upstream  of  the  front  of  the  sphere  for  three  energy  levels:  13,  127,  and  258 
mJ/pulse.  Figure  5.16,  Figure  5.17,  and  Figure  5.18  show  the  surface  pressure  from  ±60  degrees  as  a 
function  of  time,  and  pressure  port  location  for  the  three  energy  levels.  The  pressure  has  been  non- 
dimensionalized  with  the  ffeestream  pitot  pressure,  p02 ,  (see  Equation  (2.20)).  The  interaction  of  the 

thermal  spot,  generated  by  the  laser  discharge,  with  the  bow  shock  (in  the  time  interval  of  40-90 
microseconds)  causes  a  blooming  of  the  bow  shock  (Georgievski  and  Levin  [41]  call  this  the  lensing 
effect).  This  behavior  is  consistent  with  the  simulations  of  Georgievski  and  Levin  and  Aleksandrov  et  al. 
[4]  It  can  be  noted  that  the  energy  deposition  effects  the  flow  over  a  period  on  the  order  of  50 
microseconds.  This  flow  transient  effect  is  much  greater  than  the  energy  deposition  whereby  the  excitation 
laser  has  a  pulse  width  of  1 0  nanoseconds. 

Figure  5.19  compares  the  stagnation  point  pressure  traces  for  the  three  energy  deposition  levels.  The 
reduction  in  stagnation  pressure  is  independent  of  the  energy  deposition  magnitude. 

The  lensing  effect  and  the  expansion  observed  by  the  surface  pressure  measurements  can  be  described 
by  the  one-dimensional  analysis  of  a  shock  wave  interaction  with  an  interface.  In  this  analysis  the  shock 
wave  represents  the  blunt  body  bow  shock  and  the  interface  represents  the  leading  edge  of  the  thermal 
region  created  by  the  energy  deposition.  Figure  5.20  is  a  space-time  diagram  for  the  interaction  process. 
The  interaction  begins  with  the  interface  approaching  the  shock  for  t< 0.  After  the  interface  hits  the  shock, 
f> 0,  there  will  be  an  expansion  fan  that  hits  the  surface  of  the  body,  and  the  shock  moving  upstream  for  the 
case  when  the  gas  is  heated  upstream  of  the  interface,  T2>Tl.  The  coordinates  are  fixed  to  the  initial 
shock  such  that  the  transformation  is  given  by 

u^u-u^  (5.3) 

where  u  is  the  gas  velocity  relative  to  the  initial  shock  (*<0),  u  is  the  gas  velocity  relative  to  the  wave 
velocity  of  the  shock,  and  is  the  freestream  velocity.  The  wave  velocity  of  the  shock  is  determined  by 
the  shock  strength,  i.e.  the  pressure  jump  across  the  shock,  and  is  determined  by  Equation  (2.15).  The 
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velocities  and  pressures  across  the  interface  are  respectively  equal  such  that,  ux  =u2,  px  =  p2,  u3=u4, 
and  p3  =  p4. 

The  properties  on  either  side  of  the  expansion  fan  can  be  related  by  a  characteristic  through  the  fan  such 
that 
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and  the  speed  of  sound  can  be  related  to  the  pressure  in  regions  4  and  0  by 
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By  using  the  normal  shock  relations.  Equations  (5.4)  and  (5.5),  and  the  interface  conditions,  the  relation  for 
the  shock  after  t>0  is  given  by  the  implicit  equation  for  the  pressure  ratio,  p3/px  , 


l 


2  y 

2 

f 

y-l  'N 

^2  ^ 

(  \ 
^-i 

[pi  J 

y+l 

i  2  a0 

piIpi\2y  i 

P3  +  r-i 
.Pi  y+1. 

y-l  ax 

[pjpi) 

/ 

lU 

r{p\ 


2  y  2 
y  +  l 

Po  ,  r-i 
Pi  r+ 1. 


=o 


(5.6) 


where  —  is  determined  by  the  shock  for  t< 0,  —  is  determined  by  the  temperature  across  the  interface, 
Pi  <*i 


and  —  is  given  by 
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Now,  Equation  (5.6)  is  completely  determined  by  the  initial  shock  strength  and  the  temperature  ratio  across 
the  interface.  For  a  freestream  Mach  number  of  3.45,  and  an  initial  range  of  temperature  ratios  of 
T7 

1<  —  <1000  across  the  interface,  the  values  for  the  velocities  of  the  edges  of  the  expansion  fan,  the 
Tx 

interface,  and  the  shock  for  V> 0  are  relative  to  the  initial  shock  are 
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where  ufl  is  the  left  edge  velocity  of  the  expansion  fan,  Ujr  is  the  right  edge  of  the  expansion  fan,  w3  is  the 
velocity  of  the  interface  for  f> 0,  cs  ,>0  is  the  wave  speed  of  the  shock  after  the  interaction,  and  ax  =  is 

the  freestream  speed  of  sound  in  region  1  (see  Figure  5.20). 

From  the  above  one-dimensional  analysis,  we  observe  that  the  expansion  fan  does  move  downstream 
and  strike  the  surface  of  the  body  ( <  0  relative  to  the  original  bow  shock),  and  the  shock  lenses  forward 

(cSJ> o  >0  relative  to  the  original  bow  shock),  or  upstream.  Figure  5.21  shows  the  one-dimensional 

interaction  process  for  *<0  and  for  £>0.  However,  for  the  experiments  performed,  the  process  is  entirely 
three-dimensional  and  includes  viscous  effects.  The  physics  of  the  expansion  process  and  the  shock 
lensing,  even  in  the  three-dimensional  case,  can  be  explained  by  the  one-dimensional,  inviscid,  analysis 
outlined  above. 

Figure  5.22,  through  Figure  5.25  correlate  the  surface  pressure  measurements  with  the  schlieren  images 
for  the  sphere  with  energy  deposition  of  13  mJ/pulse.  The  schlieren  images  are  ensemble  averaged  images 
taken  with  the  xenon  flash  system  described  in  Section  3.2.1.  The  schlieren  flash  and  the  laser  energy 
deposition  are  phase  locked.  The  time  delay  between  the  laser  energy  deposition  and  the  schlieren  flash  is 
given  below  each  image. 

Figure  5.26  through  Figure  5.29  correlate  the  surface  pressure  measurements  with  the  schlieren  images 
for  the  sphere  with  energy  deposition  of  127  mJ/pulse.  Figure  5.30  through  Figure  5.33  correlate  the 
surface  pressure  measurements  with  the  schlieren  images  for  the  sphere  with  energy  deposition  of  258 
mJ/pulse. 
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Due  to  the  smaller  energy  deposition  volume  of  the  low  energy  level,  a  shock  interaction  process  is  also 
observed  in  the  images  for  40  to  100  ps  for  the  13  mJ/pulse  case  (see  Figure  5.23  and  Figure  5.24).  The 
compressions  due  to  this  shock  interaction  process  are  also  observed  and  noted  in  Figure  5.16. 

In  summary,  laser  energy  deposition  upstream  of  the  sphere  reduces  the  stagnation  point  pressure  by 
40%  due  to  the  shock  lensing  process.  The  flow  interaction  time  lasts  for  40-50  ps  in  contrast  to  the  energy 
deposition  time  for  the  laser  pulse  of  10  ns.  The  basic  physics  of  the  shock  lensing  process  can  be 
described  by  a  one-dimensional  gasdynamic  analysis. 
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Figure  5.16  Surface  pressure  traces  for  various  pressure  port  locations  on  the  vertical  symmetry  plane 
around  front  of  sphere  with  laser  energy  deposition  (incident  laser  beam  energy  at  13  mJ/pulse)  one 
diameter  upstream  and  focused  on  model  centerline 
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Figure  5.19  Comparison  of  stagnation  point  pressure  traces  for  sphere  for  three  energy  deposition  levels 
1 .0  diameter  upstream  of  the  sphere 
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Figure  5,20  Space  -  time  diagram  for  the  shock  interaction  with  the  leading  edge  of  the  thermal  interface 
boundary 


Figure  5.21  Shock  wave  and  interface  interaction 
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Figure  5.22  Phase  averaged  xenon  Strobotac  flash  generated  schlieren  images  of  Mach  3.45  sphere  with 
laser  energy  deposition  1.0  diameter  upstream,  0,  10,  20,  and  30  ps  after  laser  energy  deposition,  13 
mJ/pulse,  150  mm  focal  length  lens,  and  correlated  with  polar  steady  state  and  instantaneous  pressure  plots 
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Figure  5.23  Phase  averaged  xenon  Strobotac  flash  generated  schlieren  images  of  Mach  3.45  sphere  with 
laser  energy  deposition  1.0  diameter  upstream,  40,  50,  60,  and  70  ps  after  laser  energy  deposition,  13 
mJ/pulse,  150  mm  focal  length  lens,  and  correlated  with  polar  steady  state  and  instantaneous  pressure  plots 
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Figure  5.24  Phase  averaged  xenon  Strobotac  flash  generated  schlieren  images  of  Mach  3.45  sphere  with 
laser  energy  deposition  1.0  diameter  upstream,  80,  90,  100,  and  110  ps  after  laser  energy  deposition,  13 
mJ/pulse,  150  mm  focal  length  lens,  and  correlated  with  polar  steady  state  and  instantaneous  pressure  plots 
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Figure  5.25  Phase  averaged  xenon  Strobotac  flash  generated  schlieren  images  of  Mach  3.45  sphere  with 
laser  energy  deposition  1.0  diameter  upstream,  120,  and  130  ps  after  laser  energy  deposition,  13  mJ/pulse, 
1 50  mm  focal  length  lens,  and  correlated  with  polar  steady  state  and  instantaneous  pressure  plots 
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Figure  5.26  Phase  averaged  xenon  Strobotac  flash  generated  schlieren  images  of  Mach  3.45  sphere  with 
laser  energy  deposition  1.0  diameter  upstream,  0,  10,  20,  and  30  ps  after  laser  energy  deposition,  127 
mJ/pulse,  150  mm  focal  length  lens,  and  correlated  with  polar  steady  state  and  instantaneous  pressure  plots 
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60  ps  70  ps 

Figure  5.27  Phase  averaged  xenon  Strobotac  flash  generated  schlieren  images  of  Mach  3.45  sphere  with 
laser  energy  deposition  1.0  diameter  upstream,  40,  50,  60,  and  70  ps  after  laser  energy  deposition,  127 
mJ/pulse,  150  mm  focal  length  lens,  and  correlated  with  polar  steady  state  and  instantaneous  pressure  plots 
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Figure  5.28  Phase  averaged  xenon  Strobotac  flash  generated  schlieren  images  of  Mach  3.45  sphere  with 
laser  energy  deposition  1.0  diameter  upstream,  80,  90,  100,  and  110  ps  after  laser  energy  deposition,  127 
mJ/pulse,  150  mm  focal  length  lens,  and  correlated  with  polar  steady  state  and  instantaneous  pressure  plots 
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120  ps  130  ns 

Figure  5.29  Phase  averaged  xenon  Strobotac  flash  generated  schlieren  images  of  Mach  3.45  sphere  with 
laser  energy  deposition  1.0  diameter  upstream,  120,  and  130  ps  after  laser  energy  deposition,  127  mJ/pulse, 
150  mm  focal  length  lens,  and  correlated  with  polar  steady  state  and  instantaneous  pressure  plots 
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20  ns  30  ns 

Figure  5.30  Phase  averaged  xenon  Strobotac  flash  generated  schlieren  images  of  Mach  3.45  sphere  with 
laser  energy  deposition  1.0  diameter  upstream,  0,  10,  20,  and  30  ps  after  laser  energy  deposition,  258 
mJ/pulse,  1 50  mm  focal  length  lens,  and  correlated  with  polar  steady  state  and  instantaneous  pressure  plots 
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Figure  5.31  Phase  averaged  xenon  Strobotac  flash  generated  schlieren  images  of  Mach  3.45  sphere  with 
laser  energy  deposition  1.0  diameter  upstream,  40,  50,  60,  and  70  ps  after  laser  energy  deposition,  258 
mJ/pulse,  150  mm  focal  length  lens,  and  correlated  with  polar  steady  state  and  instantaneous  pressure  plots 
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Figure  5.32  Phase  averaged  xenon  Strobotac  flash  generated  schlieren  images  of  Mach  3.45  sphere  with 
laser  energy  deposition  1.0  diameter  upstream,  80,  90,  100,  and  1 10  ns  after  laser  energy  deposition,  258 
mJ/pulse,  150  mm  focal  length  lens,  and  correlated  with  polar  steady  state  and  instantaneous  pressure  plots 
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120  ps  130  ps 

Figure  5.33  Phase  averaged  xenon  Strobotac  flash  generated  schlieren  images  of  Mach  3.45  sphere  with 
laser  energy  deposition  1.0  diameter  upstream,  120,  and  130  ps  after  laser  energy  deposition,  258  mJ/pulse, 
150  mm  focal  length  lens,  and  correlated  with  polar  steady  state  and  instantaneous  pressure  plots 


166 


167 


5.2.4  Surface  Heat  Transfer 

The  surface  temperature  of  the  hemisphere  was  measured  from  0-45  degrees  from  the  horizontal  in  the 
vertical  symmetry  plane  for  the  sphere.  Figure  5.34  shows  the  wall  temperature  of  the  sphere  in  the  vertical 
symmetry  plane  as  a  function  of  time  and  gauge  angle.  Table  3.5  lists  the  measured  angles  for  the  eight 
gauges.  Platinum  thin  film  gauges  were  used  to  measure  the  temperature  (see  Section  3.6).  The 
temperature  plotted  is  given  as  the  difference  of  the  temperature  and  the  ambient  room  temperature.  From 
the  temperature-time  history,  the  heat  transfer  was  calculated  using  Equation  (3.19).  The  tunnel  run  times 
were  targeted  at  10  seconds  based  on  the  semi-infinite  assumption  for  the  determination  of  the  heat  flux 
(see  Section  3.6.1  and  3.6.3.2).  The  temperature  of  the  inside  of  the  sphere  was  also  recorded  for  each 
wind  tunnel  run  to  with  an  embedded  thermocouple  (see  Figure  3.44)  to  assess  the  validity  of  the  semi¬ 
infinite  temperature  requirement  for  the  determination  of  the  heat  flux. 

Table  5.2  Tunnel  operating  parameters  for  surface  heat  transfer  measurement  experiments 


Mach  number 

Reynolds  number  based  on  sphere 
diameter,  Re^  = 

M 

Freestream  viscosity,  p 

Stagnation  pressure,  p0 
Stagnation  temperature,  T0 

Stagnation  density,  p0 

Freestream  temperature,  T 
Freestream  pressure,  p 

Freestream  density,  p 

Freestream  velocity,  V 
Freestream  speed  of  sound,  a 
Pitot  pressure,  p02 

Pitot  density,  p02 


3.45 

1.905xl06 

5.666  xlO"6^- 
m  s 

1 . 1 38 x 106  Pa 
279  K 

14.212-^- 
nr 
82.5  K 
1.602xl04  Pa 

0.676-^f- 

nr 

628.1  m/s 

182.1  m/s 

2.530  xlO5  Pa 
3.160 

m 


Figure  5.34  gives  the  measured  sphere  surface  temperature  as  a  function  of  gauge  location  and  time. 
The  temperature  plotted  is  the  difference  between  the  wall  temperature  and  the  ambient  room  temperature, 
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denoted,  T-  Ta .  Figure  5.35  shows  the  measured  surface  heat  flux  as  a  function  of  time  and  gauge  location 
for  the  Mach  3.45  sphere.  The  heat  flux  has  been  non-dimensionalized  with  the  absolute  value  of  the  van 
Driest  stagnation  point  heat  flux  for  a  sphere  (see  Equation  (3.23)).  The  data  for  the  temperature  in  the  case 
given  in  Figure  5.34  and  Figure  5.35  is  collected  for  a  time  resolution  of  1  ms,  or  at  a  sampling  frequency 
of  1  kHz.  The  cooling  effect  on  the  sphere  during  the  wind  tunnel  run  is  observed  in  both  the  temperature 
and  the  heat  flux  plots.  This  cooling  is  associated  with  a  drop  in  the  stagnation  temperature  in  the  wind 
tunnel  during  its  operation.  This  drop  is,  in  turn,  due  to  the  expansion  process  of  the  air  in  the  storage  tanks 
(see  discussion  in  Section  3.6.3.2).  The  measured  heat  flux  (see  Figure  3.41)  agrees  closely  with  van  Driest 
(Equation  (3.23)).  Thus,  the  cooling  is  due  to  the  temperature  difference,  T0-Tw.  During  the  tunnel  run, 


both  T0  and  Tw  drop.  The  van  Driest  stagnation  point  heat  flux  for  a  sphere  can  be  rewritten  as 


rr 

r2(P02~Pco)) 

u 

V  A)2  , 

(5.8) 


In  this  expression  the  only  terms  which  vary  during  the  tunnel  run  (after  startup)  are  //02,  T0,  and  Tw .  The 


variation  of  /u02  during  the  tunnel  run  is  small.  Thus,  the  cooling  to  the  sphere  is  due  to  the  temperature 
difference  T0  ~TW  where  T0  <TW. 

The  temperature  and  heat  flux  was  also  measured  at  a  sampling  frequency  of  1  MHz.  This  high 
frequency  data  was  limited  to  four  channels  for  each  test  run  of  the  wind  tunnel.  Therefore,  for  each  test 
condition,  two  runs  were  made;  the  first  for  gauges  1-4,  and  the  second  for  gauges  5-8.  Twenty  sets  of  data 
were  collected  at  the  1  MHz  frequency  for  each  test  condition.  The  temperature  was  reduced  from  the 
gauge  voltage  readout  from  the  signal  conditioner  based  on  the  calibration  data  given  in  Section  3.6.3. 1. 
This  temperature  data  was  filtered  with  a  digital  filter.  The  digital  filter  was  a  low  pass  Hamming  Window 
with  a  cutoff  frequency  of  80  kHz. 

Figure  5.36  shows  the  heat  flux  calculated  from  Equation  (3.19)  for  the  eight  gauge  locations  on  the 
hemisphere  with  an  energy  deposition  of  283  mJ/pulse  and  1.0  diameter  upstream  of  the  sphere.  The 
plotted  contours  are  the  heat  flux  non-dimensionalized  with  the  van  Driest  stagnation  heat  flux.  The 
absolute  value  of  the  stagnation  point  heat  flux  is  used.  By  using  the  absolute  value  of  the  stagnation  point 
heat  flux,  heating  is  positive,  and  cooling  is  negative.  Figure  5.37  through  Figure  5.44  gives  the  measured 
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surface  temperature  and  the  heat  flux  for  each  of  the  eight  thin  film  gauges  for  the  same  test  case.  The 
temperature  and  the  heat  flux  presented  for  each  gauge  is  an  average  of  20  phase-locked  data  sets.  The 
temperature  in  each  case  has  an  offset  subtracted  from  it  due  to  the  stagnation  temperature  decrease  during 
the  operation  of  the  wind  tunnel  (see  Section  3. 6.3.2).  The  scatter  in  the  data  is  quantified  by  ±lcr  (where 
a  is  the  standard  deviation)  distributions  shown  by  the  error  bars  for  different  times  on  the  temperature 
and  the  heat  flux  traces.  As  can  be  seen  in  the  plots,  the  gauges  are  sensitive  enough  to  pick  up  the  heating 
due  to  the  radiation  and  the  blast  wave  from  the  spark  source  reflecting  off  of  the  surface  of  the  sphere. 
These  points  are  noted  on  the  plots  as  R  and  B,  respectively.  The  temperature  increase  due  to  the  thermal 
spot  reaching  the  sphere  is  only  on  the  order  of  two  degrees  Kelvin.  However,  due  to  the  small  timescale, 
the  heating  flux  rate  to  the  sphere  is  large.  This  high  heating  rate  is  attributed  to  the  derivative  of  the 
temperature  with  respect  to  time  in  Equation  (3.17).  After  the  blast  wave  reflection  from  the  sphere,  there 
is  a  cooling  associated  with  the  expansion  wave  hitting  the  sphere  surface.  This  expansion  fan  is  due  to  the 
lensing  process  of  the  bow  shock  and  interface  of  the  thermal  spot  interaction  (see  Section  5.2.3). 

In  Figure  5.36  the  gauge  locations  are  shown  by  the  dashed  lines,  and  Tecplot  is  used  to  interpolate  the 
contour  values  between  the  gauges.  For  this  test  case  the  laser  energy  deposition  was  1.0  diameter 
upstream  and  on  centerline  and  consisted  of  a  single  laser  pulse  of  283  mJ/pulse  at  10  Hz.  Radiation 
heating  from  the  laser  spark  can  be  seen  by  the  ridge  in  the  contour  plot  at  time  t  -  0  across  all  of  the 
gauges.  Also,  observed  is  the  blast  wave  heating  which  can  be  seen  by  the  ridge  in  the  contour  plot 
between  20  and  30  ps.  This  blast  wave  heating  can  also  be  verified  by  the  transmitted  blast  wave  seen  in 
the  schlieren  images  corresponding  to  this  case  from  20  to  30  ps  in  Figure  5.8.  Also  of  interest  is  the  lag  in 
the  blast  wave  heating  detected  by  the  gauges  as  the  gauge  angular  position  increases  (note  the  curvature  in 
the  ridge  as  gauge  angle  increase  in  Figure  5.36).  This  lag  in  heating  for  the  upper  gauges  is  due  to  the  fact 
that  the  blast  wave  hits  the  stagnation  gauge  first,  and  then  successively  the  upper  gauges. 

After  the  blast  wave  heating  effect,  there  is  a  cooling  effect.  This  cooling  effect  is  cooling  effect  due  to 
the  expansion  fan  hitting  the  surface  of  the  sphere.  This  effect  is  clearly  observed  in  the  region  of  the 
contour  plot  following  the  blast  wave  ridge  (see  Figure  5.36  and  Figure  5.37  -  Figure  5.44). 

Next,  the  heating  due  to  the  thermal  spot  impacting  the  sphere  is  detected  from  50  to  100  ps,  and  this 
heating  also  correlates  with  the  schlieren  images  for  50  to  100  ps  for  this  test  condition  (see  Figure  5.9  and 
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Figure  5.10).  This  surface  heating  from  50  to  100  (as  also  corresponds  to  the  drop  in  measured  pressure 
data  observed  in  Figure  5.16,  Figure  5.17,  Figure  5.18  for  the  laser  energy  deposition  1.0  diameter 
upstream  of  the  sphere.  Moreover,  a  similar  time  lag  in  the  heating  is  observed  as  the  gauges  increase  in 
angle  from  0  to  45  degrees  from  the  horizontal.  The  lag  is  caused  by  the  impact  of  the  thermal  spot  hitting 
the  stagnation  gauge  first,  and  then  the  latter  gauges.  Figure  5.36  shows  the  decrease  in  heating  from  100 
to  160  ps  and  this  correlates  with  the  schlieren  images  for  the  same  time  span  (see  Figure  5.11)  as  the 
thermal  spot  convects  around  the  sphere  and  the  sphere  returns  back  to  a  steady  state  condition. 

Figure  5.45  shows  the  heat  flux  for  laser  energy  deposition  upstream  of  the  hemisphere  model  for  a 
double  laser  energy  deposition  pulse  separated  by  5  ps  and  with  both  lasers  phase  locked  and  firing  at  10 
Hz.  The  plotted  contours  are  the  heat  flux  non-dimensionalized  with  the  absolute  value  of  the  van  Driest 
stagnation  heat  flux.  The  gauge  locations  are  shown  by  the  dashed  lines,  and  Tecplot  is  used  to  interpolate 
the  contour  values  between  the  gauges.  The  radiation  heating  at  0  ps  and  the  blast  wave  heating  can  be 
seen  from  20  to  30  ps.  The  thermal  spot  heat  is  observed  from  50  to  100  ps.  For  the  double  pulse  case 
when  compared  to  the  single  pulse  case  does  not  have  the  severe  increase  in  heating  as  seen  in  the  thermal 
spot  heating  (see  Figure  5.36).  The  heating  is  approximately  50%  less  than  for  the  single  pulse  case.  One 
possible  explanation  for  this  reduction  in  heat  flux,  might  be  a  reduction  in  the  spatial  temperature  gradient 
due  to  the  double  pulse.  In  other  words,  the  double  pulse  would  broaden  the  initial  temperature  distribution 
of  the  laser  energy  deposition  since  the  first  pulse  would  move  downstream  from  the  second  pulse.  This 
broadening  of  the  temperature  distribution,  (see  Equations  (2.31)  and  (2.32))  would  decrease  the  spatial 
temperature  gradient.  This  decrease  in  temperature  gradient  would  then  lead  to  lower  heat  flux  to  the 
surface  of  the  sphere  as  the  thermal  region  convects  about  the  sphere. 

Figure  5.46  gives  the  heat  flux  for  the  hemisphere  with  single  laser  energy  deposition  at  0.6  diameters 
upstream  and  on  centerline.  Likewise,  the  plotted  contours  are  the  heat  flux  non-dimensionalized  with  the 
absolute  value  of  the  van  Driest  stagnation  heat  flux.  The  gauge  locations  are  shown  by  the  dashed  lines, 
and  Tecplot  is  used  to  interpolate  the  contour  values  between  the  gauges.  The  radiation  heating  is  observed 
at  0  ps.  However,  the  blast  wave  heating  can  be  seen  from  10  to  20  ps.  This  heating  correlates  the  blast 
wave  impact  observed  in  the  schlieren  images  for  10  to  20  ps  of  Figure  5.12.  There  is  also  a  cooling  effect 
due  to  the  expansion  fan  hitting  the  surface  of  the  sphere  from  the  lensing  process.  The  thermal  spot 
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interaction  occurs  at  40  to  90  (as  and  is  correlated  with  Figure  5.13  -  Figure  5.14.  The  time  lag  of  the  heat 
transfer  for  the  blast  wave  and  the  thermal  spot  interaction  is  also  observed  for  the  upper  gauges.  This  lag 
for  this  test  case  is  due  to  the  stagnation  point  region  interacting  first  with  both  the  blast  wave  and  thermal 
spot.  Figure  5.47  -  Figure  5.54  are  the  temperature  and  heat  flux  measurements  for  each  of  the  individual 
eight  gauges. 

Figure  5.55  gives  the  heat  flux  for  a  double  pulse  laser  energy  deposition  at  0.6  diameters  upstream  and 
on  centerline.  The  radiation  heating  and  the  blast  wave  heating  are  observed  and  denoted  on  the  plot  for 
this  double  pulse  test  case.  The  heating  due  to  the  thermal  spot  is  40  to  50%  less  than  the  single  laser  pulse 
case.  This  lowering  of  the  heat  flux  is  similar  to  the  effect  seen  for  the  double  pulse  1.0  diameter  upstream. 
The  double  pulse  will  lessen  the  spatial  temperature  gradient  and,  this  broadening  of  the  spatial  temperature 
distribution,  in  turn,  will  lead  to  a  lower  heat  flux  to  the  surface  of  the  sphere. 

Figure  5.56  is  the  time  integrated  heat  flux  for  each  gauge  for  each  of  the  four  test  cases  described 
above.  This  figure  gives  the  total  energy  flux  to  the  gauge  over  the  period  of  time  of  the  interaction  with 
the  thermal  spot  generated  by  the  laser  perturbation.  This  integration  puts  the  high  heat  fluxes  observed  for 
the  interaction  process  into  perspective.  If  the  maximum  energy  flux  from  Figure  5.56,  0.02  mJ/mm2  is 
then  integrated  across  the  face  of  the  sphere,  then  the  upper  bound  for  the  total  energy  fluxed  through  the 
sphere  surface  is  25  mJ.  As  an  upper  estimate,  roughly  only  9%  of  the  energy  from  the  laser  energy 
deposition  is  transferred  to  the  sphere.  The  rest  of  the  energy  from  the  laser  deposition  will  still  be 
contained  in  the  flow,  i.e.  blast  wave,  turbulence,  enthalpy,  etc.,  and  these  forms  of  energy  convect 
downstream  in  the  flow. 
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Figure  5.36  Measured  wall  heat  flux  on  Mach  3.45  sphere  and  with  laser  energy  deposition  1.0  diameter 
upstream  and  on  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283  mJ/pulse,  150  mm  focal  length  lens 
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Figure  5.37  Measured  wall  heat  flux  and  temperature  for  gauge  1  on  Mach  3.45  sphere  and  with  laser 
energy  deposition  1.0  diameter  upstream  and  on  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283 
mJ/pulse,  150  mm  focal  length  lens 
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Figure  5.38  Measured  wall  heat  flux  and  temperature  for  gauge  2  on  Mach  3.45  sphere  and  with  laser 
energy  deposition  1.0  diameter  upstream  and  on  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283 
mJ/pulse,  150  mm  focal  length  lens 
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Figure  5.39  Measured  wall  heat  flux  and  temperature  for  gauge  3  on  Mach  3.45  sphere  and  with  laser 
energy  deposition  1.0  diameter  upstream  and  on  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283 
mJ/pulse,  150  mm  focal  length  lens 
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Figure  5.40  Measured  wall  heat  flux  and  temperature  for  gauge  4  on  Mach  3.45  sphere  and  with  laser 
energy  deposition  1.0  diameter  upstream  and  on  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283 
mJ/pulse,  150  mm  focal  length  lens 
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Figure  5.41  Measured  wall  heat  flux  and  temperature  for  gauge  5  on  Mach  3.45  sphere  and  with  laser 
energy  deposition  1.0  diameter  upstream  and  on  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283 
mJ/pulse,  150  mm  focal  length  lens 
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Figure  5.43  Measured  wall  heat  flux  and  temperature  for  gauge  7  on  Mach  3.45  sphere  and  with  laser 
energy  deposition  1.0  diameter  upstream  and  on  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283 
mJ/pulse,  150  mm  focal  length  lens 


177 


178 


v — ✓ 

H 


I 

cd 

fe 

I 

H 


Figure  5.44  Measured  wall  heat  flux  and  temperature  for  gauge  8  on  Mach  3.45  sphere  and  with  laser 
energy  deposition  1.0  diameter  upstream  and  on  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283 
mJ/pulse,  150  mm  focal  length  lens 


Figure  5.45  Measured  wall  heat  flux  on  Mach  3.45  sphere  and  with  laser  energy  deposition  1.0  diameter 
upstream  and  on  the  centerline  axis,  double  laser  pulse  with  5  ps  separation  (10  Hz)  at  263  mJ/(double 
pulse),  150  mm  focal  length  lens 
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Figure  5.46  Measured  wall  heat  flux  on  Mach  3.45  sphere  and  with  laser  energy  deposition  0.6  diameters 
upstream  and  on  the  centerline  axis,  single  laser  pulse  (10  Hz)  at  283  mJ/pulse,  150  mm  focal  length  lens 
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Figure  5.47  Measured  wall  heat  flux  and  temperature  for  gauge  1  on  Mach  3.45  sphere  and  with  laser 
energy  deposition  0.6  diameters  upstream  and  on  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283 
mJ/pulse,  150  mm  focal  length  lens 
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Figure  5.48  Measured  wall  heat  flux  and  temperature  for  gauge  2  on  Mach  3.45  sphere  and  with  laser 
energy  deposition  0.6  diameters  upstream  and  on  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283 
mJ/pulse,  150  mm  focal  length  lens 
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Figure  5.49  Measured  wall  heat  flux  and  temperature  for  gauge  3  on  Mach  3.45  sphere  and  with  laser 
energy  deposition  0.6  diameters  upstream  and  on  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283 
mJ/pulse,  150  mm  focal  length  lens 
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Figure  5.50  Measured  wall  heat  flux  and  temperature  for  gauge  4  on  Mach  3.45  sphere  and  with  laser 
energy  deposition  0.6  diameters  upstream  and  on  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283 
mJ/pulse,  150  mm  focal  length  lens 


<u 

B 

H 


Time,  t,  (us) 


Figure  5.51  Measured  wall  heat  flux  and  temperature  for  gauge  5  on  Mach  3.45  sphere  and  with  laser 
energy  deposition  0.6  diameters  upstream  and  on  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283 
mJ/pulse,  150  mm  focal  length  lens 
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Figure  5.52  Measured  wall  heat  flux  and  temperature  for  gauge  6  on  Mach  3.45  sphere  and  with  laser 
energy  deposition  0.6  diameters  upstream  and  on  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283 
mJ/pulse,  150  mm  focal  length  lens 
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Figure  5.53  Measured  wall  heat  flux  and  temperature  for  gauge  7  on  Mach  3.45  sphere  and  with  laser 
energy  deposition  0.6  diameters  upstream  and  on  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283 
mJ/pulse,  150  mm  focal  length  lens 
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Figure  5.54  Measured  wall  heat  flux  and  temperature  for  gauge  8  on  Mach  3.45  sphere  and  with  laser 
energy  deposition  0.6  diameters  upstream  and  on  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283 
mJ/pulse,  150  mm  focal  length  lens 


Figure  5.55  Measured  wall  heat  flux  on  Mach  3.45  sphere  and  with  laser  energy  deposition  0.6  diameters 
upstream  and  on  the  centerline  axis,  double  laser  pulse  separated  by  5  jas  (10  Hz)  at  263  mJ/(double  pulse), 
150  mm  focal  length  lens 
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Figure  5.56  Time  integrated  heat  flux  for  each  of  the  gauges  from  small  time  scale  data,  lcl  =  single  laser 
pulse  1.0  diameter  upstream,  lc2  =  single  laser  pulse  0.6  diameters  upstream,  2cl  =  double  laser  pulse  1.0 
diameter  upstream,  and  2c2  =  double  laser  pulse  0.6  diameters  upstream 
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5.3  Sphere  With  Shock  Impingement 

The  objective  of  the  laser  energy  deposition  tests  upstream  of  the  sphere  with  the  shock  impingement  is 
to  see  if  the  severity  of  the  aerothermal  loads  associated  with  the  Edney  Type  IV  shock/shock  interaction 
can  be  reduced  by  perturbing  the  shock  structure  of  the  Edney  Type  IV  interaction,  e.g.,  by  perturbing  the 
embedded  supersonic  jet. 

5.3.1  Steady  State 

Figure  5.57  shows  the  measured  surface  pressure  for  the  Mach  3.45  sphere  with  the  Edney  Type  IV 
shock  impingement.  The  pressure  has  been  non-dimensionalized  with  the  freestream  pitot  pressure  (see 
Equation  (2.20).  The  plot  of  the  experimental  data  shows  the  characteristic  rise  in  peak  pressure  due  to  the 
embedded  supersonic  jet  of  the  Type  IV  interaction  (see  Section  2.4.1  and  Figure  2.4).  Also  shown  on  the 
plot  is  the  steady  state  pressure  distribution  for  the  sphere  without  the  shock  impingement  (see  Section 
5.2.1).  The  increase  in  surface  pressure  attributable  to  the  Edney  Type  IV  shock  impingement  is  readily 
seen  in  the  comparison  of  the  sphere  alone  distribution  with  the  measured  distribution  for  the  shock 
impingement  case.  However,  this  measured  peak  pressure  is  most  likely  lower  than  the  actual  peak 
pressure  due  to  the  distribution  of  the  pressure  over  the  pressure  gauge.  Since  the  surface  of  the  gauge 
cannot  be  made  infinitesimally  small,  the  pressure  it  senses  will  be  an  average  of  the  pressure  distributed 
over  its  surface.  Therefore,  any  numerical  simulations  of  this  experimental  arrangement  should  take  into 
account  the  finite  size  of  the  pressure  port  diameter  (see  Section  3.5)  and  its  averaging  effect  on  the 
pressure  sensed.  D’Ambrosio  [25]  has  demonstrated  the  necessity  for  accounting  for  this  finite  pressure 
sensor  size  when  comparing  experimental  and  numerical  simulation  data  for  the  Edney  Type  IV  interaction. 

The  two  different  data  symbols  in  Figure  5.57  represent  two  data  sets  collected  on  two  different  days  of 
wind  tunnel  testing.  The  steady  state  pressure  data  collected  on  the  subsequent  days  of  testing  demonstrate 
the  repeatability  of  the  pressure  measurements  for  these  tests,  similar  to  the  repeatability  of  the  sphere  alone 
surface  pressure  tests  described  in  Section  5.2.1. 

Another  factor  can  be  attributed  to  the  broadening  of  the  pressure  peak  associated  with  the  shock 
impingement.  The  compression  ramp  used  to  generate  the  impinging  oblique  shock  was  mounted  to  the 
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test  section  ceiling  within  the  boundary  layer.  The  shock  generated  with  this  ramp  mounted  in  the 
boundary  layer  will  fluctuate  due  to  the  unsteady  effects  associated  with  the  turbulent  boundary  and  ramp. 
[152]  The  fluctuations  in  the  oblique  shock  will  cause  the  shock  interaction  with  the  bow  shock  location  to 
fluctuate.  This,  in  turn,  will  cause  the  embedded  supersonic  jet  of  the  Edney  IV  interaction  to  fluctuate. 

Why  does  the  surface  pressure  increase  locally  due  to  the  Edney  IV  interaction?  From  the  second  law 
of  Thermodynamics  and  with  Equations  (2.10),  (2.11),  (2.15),  (2.16),  and  (2.19),  the  entropy 
change,  s2  -s{ ,  across  a  normal  shock  will  be 
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where  the  subscripts  1  and  2  refer  to  the  conditions  upstream  and  downstream  of  the  shock,  respectively. 


The  drop  in  stagnation  pressure  across  a  normal  shock  at  Mach  3.45  will  then  be  -^2.  =  0.22 .  For 

Pm 

example,  if  the  Mach  3.45  flow  goes  through  an  oblique  shock  with  an  angle  of  30  degrees  and  then  a 
normal  shock  corresponding  to  the  conditions  downstream  of  the  oblique  shock,  the  drop  in  stagnation 

pressure  will  be  — =  0.41 ,  where  the  subscript  3  refers  to  the  conditions  downstream  of  the 
Pm 

oblique/normal  shock  flow.  Therefore,  for  this  example,  p03  will  be  1.84  times  greater  than  p02.  This 
argument  can  be  carried  further  for  more  oblique  shocks  and  a  terminating  normal  shock.  The  drop  in 
stagnation  pressure  will  always  be  less  for  the  compression  through  the  series  of  oblique  shocks  and 
terminating  normal  shock  when  compared  to  the  stagnation  pressure  drop  across  one  normal  shock.  The 
entropy  losses  will  be  greater  for  the  latter  case  and,  therefore,  will  lead  to  a  larger  pressure  drop  according 
to  Equation  (5.9).  For  the  Edney  Type  IV  interaction,  the  flow  through  the  supersonic  embedded  jet 
compresses  through  a  series  of  oblique  shocks  and  isentropic  expansions  (see  Figure  2.4)  and  then  through 
a  terminal  normal  shock  as  it  approaches  the  body  surface.  The  stagnation  pressure  behind  this  supersonic 
embedded  jet  will  be  greater  than  the  stagnation  pressure  behind  the  original  bow  shock.  Thus,  the  Edney 
Type  IV  shock  impingement  leads  to  a  peak  pressure  higher  than  the  stagnation  pressure  on  the  body  when 
the  body  is  without  the  shock  impingement. 


186 


187 


Figure  5.57  Measured  surface  pressure  for  Mach  3.45  sphere  with  Edney  Type  IV  shock  impingement 

5.3.2  Flow  Visualization 

Various  energy  deposition  locations  were  tested  for  the  Mach  3.45  sphere  with  shock  impingement  (see 
Figure  5.2).  In  this  section,  time  sequenced  schlieren  images  are  presented  to  qualitatively  assess  the  effect 
of  the  laser  energy  perturbation  on  the  sphere  with  an  Edney  Type  IV  shock/shock  interaction.  Quantitative 
surface  pressure  and  heat  transfer  data  are  presented  in  the  next  section  and  correlated  with  the  flow 
visualizations  presented  here. 

The  main  flow  features  are  diagrammed  in  Figure  5.58  for  the  laser  energy  deposition  upstream  of  the 
Mach  3.45  sphere  with  the  Edney  Type  IV  interaction.  All  of  the  deposition  locations  were  upstream  of  the 
bow  shock  and  upstream  of  the  oblique  impinging  shock.  The  laser  deposition  locations  are  noted  in 
Figure  5.2,  and  the  laser  pulse  width  is  10  ns.  The  energy  deposition  is  essentially  instantaneous  (see 
Figure  5.58  a)).  As  the  thermal  spot  encounters  the  oblique  shock,  it  will  shear  and  cause  the  oblique  shock 
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to  distort  three-dimensionally  upstream  (see  Figure  5.58  b)).  The  shock  perturbation  will  transmit  to  the 
Edney  IV  impingement  location  and  perturb  the  shock  structure  locally  at  this  point  (see  Figure  5.58  c)). 
This  will  cause  a  downward  fluctuation  in  the  embedded  supersonic  jet.  As  the  thermal  spot  interacts  with 
the  oblique  shock  it  will  become  elongated  and  stretched  in  the  streamwise  direction.  It  will  also  deflect 
downwards  due  to  the  downward  velocity  component  behind  the  oblique  shock.  Next  the  thermal  spot  will 
interact  with  the  shock  structure  creating  a  complex  three-dimensional  flow  upstream  of  the  sphere  (see 
Figure  5.58  c)).  The  shocks  on  either  side  of  the  impinging  shock  will  lens  upstream  due  to  the  thermal 
interface  and  shock  wave  interaction.  Obviously,  the  lensing  will  be  different  on  the  two  sides  of  the 
oblique  shock.  The  shock  will  move  further  upstream  on  the  high  side  of  the  oblique  shock.  Complex 
shock  interactions  will  form  at  the  shock  intersections  (see  Figure  5.58  d)).  Finally,  the  spot  will  impact  the 
sphere  where  some  heat  will  be  transferred  to  the  sphere,  convect  around,  and  the  shock  will  collapse  back 
to  the  steady  state  Edney  Type  IV  structure.  In  the  locations  tested,  the  spot  was  low  enough  that  it 
interacted  with  the  sphere.  In  other  words,  the  spot  was  never  located  high  enough  where  it  would  not 
impact  the  sphere  and  flow  across  the  top.  Attempts  were  made  to  locate  the  deposition  location  high 
enough  so  it  would  perturb  the  impinging  shock  but  not  impact  the  sphere.  Bum  damage  was  done  to  the 
test  section  windows  and  no  attempt  was  made  to  continue  these  tests. 

Figure  5.59  through  Figure  5.63  are  instantaneous  schlieren  images  of  the  Mach  3.45  sphere  with  the 
Edney  Type  IV  shock/shock  interaction  with  laser  energy  deposition  1.0  diameter  upstream  and  0.45 
diameters  above  the  centerline.  The  images  were  taken  with  the  laser/argon  schlieren  system  described  in 
Section  3.2.1.  The  time  of  each  image  is  given  below  the  image  and  represents  the  time  of  the  image 
relative  to  the  laser  energy  deposition  at  t  =  0.  As  for  the  isolated  sphere  case  presented  in  Section  5.2.2, 
the  blast  wave  and  thermal  spot  interaction  can  be  seen  in  the  images  as  the  energy  deposition  interacts 
with  the  flow  about  the  sphere. 

There  are  two  oblique  shocks  in  the  images.  However,  the  upper  one  is  due  to  a  tunnel  side  wall  effect 
with  the  compression  ramp.  This  upper  shock  is  not  present  in  the  center  of  the  test  section  where  the 
sphere  model  is  located.  Filtered  Rayleigh  scattering  images  (see  Figure  5.64)  were  taken  in  the  vertical 
center  plane  to  verify  that  this  upper  shock  was  in  fact  a  shock  in  the  foreground  and  background  and  not  a 
second  impinging  shock  on  the  sphere.  It  also  appears  that  the  impinging  oblique  shock  extends  all  the  way 
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to  the  surface.  This  apparent  shock  extending  to  the  surface  is  a  three-dimensional  effect  of  the  schlieren, 
and  it  is  the  oblique  shock  in  the  background  and  foreground  of  the  test  section,  and  not  a  shock  extending 
down  to  the  surface  of  the  model. 

The  supersonic  embedded  jet  set  up  by  the  Edney  Type  IV  shock/shock  interaction  (see  Section  2.4.1) 
can  clearly  be  seen  in  the  image  marked  0  ps  in  Figure  5.59.  The  light  and  dark  regions  within  the 
supersonic  jet  can  be  seen  in  the  schlieren  image  and  correspond  to  the  compression  due  to  the  transmitted 
and  reflected  oblique  shocks  and  the  expansion  regions  between  the  shear  layers  of  the  embedded  jet. 
These  compressions,  expansions,  and  curvature  of  the  embedded  jet  are  typical  of  the  Type  IV  interaction 
(see  Figure  2.4).  This  supersonic  embedded  jet  is  what  leads  to  the  severe  pressure  and  heat  transfer  loads 
to  the  body. 

At  10  and  20  ps  the  blast  wave  can  be  seen  propagating  outward  from  the  laser  energy  deposition 
location.  However,  in  contrast  to  the  laser  energy  deposition  upstream  of  the  sphere,  the  blast  wave 
becomes  distorted  as  it  encounters  the  oblique  shock  wave  created  by  the  compression  ramp  mounted  to  the 
top  of  the  test  section.  At  30  ps  a  distortion  to  the  Edney  Type  IV  shock  structure  begins.  From  50  to  80 
ps  (see  Figure  5.60  and  Figure  5.61)  the  lensing  of  the  bow  shock  occurs.  However,  in  this  case  the  lensing 
effect  is  distorted  because  of  the  difference  in  incident  Mach  numbers  due  to  the  impinging  oblique  shock. 
At  90  ps  the  shock  structure  begins  to  collapse  back.  A  key  observation  is  the  apparent  formation  of  a 
Type  III  interaction  that  can  be  seen  at  120  and  130  ps  (see  Figure  5.62).  The  flow  resumes  steady  state 
conditions  by  160  ps  and  the  reformation  of  the  Type  IV  shock/shock  structure. 

Averaged  schlieren  images  for  this  energy  deposition  location  are  presented  in  Section  5.3.3  with  a 
correlation  with  the  measured  surface  pressure. 

Figure  5.65  through  Figure  5.68  are  instantaneous  schlieren  images  for  laser  energy  deposition 
upstream  of  the  sphere  with  shock  impingement  now  with  the  laser  energy  deposition  located  0.6  diameters 
upstream  and  0.2  diameters  above  the  centerline.  The  images  are  a  time  sequence  in  10  ps  steps  from  0  to 
130  ps.  For  this  closer  energy  deposition  position,  the  sequence  of  interaction  events  occurs  quicker  as  one 
would  expect.  The  spacing  between  the  blast  wave  effects  and  thermal  spot  interaction  become  less,  and 
their  attributable  effects  become  less  distinct. 
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Figure  5.58  Flow  features  associated  with  laser  energy  deposition  upstream  of  Mach  3.45  sphere  with 
shock  impingement,  a)  initial  deposition,  b)  shearing  of  thermal  spot,  oblique  shock  distortion,  and  blast 
wave  distortion,  c)  perturbation  to  Edney  IV  shock/shock  interaction,  and  d)  complex  bow  shock  lensing, 
thermal  spot  interaction  with  sphere,  and  three-dimensional  shock  interactions 
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Figure  5.59  Instantaneous  argon/laser  generated  schlieren  images  of  Mach  3.45  sphere  with  Edney  Type 
IV  shock  impingement  and  with  laser  energy  deposition  1.0  diameter  upstream  and  0.45  diameters  above 
the  centerline  axis,  0,  10,  20,  and  30  ps  after  laser  energy  deposition,  283  mJ/pulse,  150  mm  focal  length 
lens 


191 


60  ps  70  jus 

Figure  5.60  Instantaneous  argon/laser  generated  schlieren  images  of  Mach  3.45  sphere  with  Edney  Type 
IV  shock  impingement  and  with  laser  energy  deposition  1 .0  diameter  upstream  and  0.45  diameters  above 
the  centerline  axis,  40,  50,  60,  and  70  ps  after  laser  energy  deposition,  283  mJ/pulse,  150  mm  focal  length 
lens 
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Figure  5.61  Instantaneous  argon/laser  generated  schlieren  images  of  Mach  3.45  sphere  with  Edney  Type 
IV  shock  impingement  and  with  laser  energy  deposition  1.0  diameter  upstream  and  0.45  diameters  above 
the  centerline  axis,  80,  90,  100,  and  110  pis  after  laser  energy  deposition,  283  mJ/pulse,  150  mm  focal 
length  lens 
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Figure  5.62  Instantaneous  argon/laser  generated  schlieren  images  of  Mach  3.45  sphere  with  Edney  Type 
IV  shock  impingement  and  with  laser  energy  deposition  1.0  diameter  upstream  and  0.45  diameters  above 
the  centerline  axis,  120,  130, 140,  and  150  ps  after  laser  energy  deposition,  283  mJ/pulse,  150  mm  focal 
length  lens 
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Figure  5.63  Instantaneous  argon/laser  generated  schlieren  images  of  Mach  3.45  sphere  with  Edney  Type 
IV  shock  impingement  and  with  laser  energy  deposition  1.0  diameter  upstream  and  0.45  diameters  above 
the  centerline  axis,  160  ps  after  laser  energy  deposition,  283  mJ/pulse,  150  mm  focal  length  lens 


Figure  5.64  Filtered  Rayleigh  scattering  image  in  vertical  symmetry  plane  to  verify  one  impinging  shock 
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Figure  5.65  Instantaneous  argon/laser  generated  schlieren  images  of  Mach  3.45  sphere  with  Edney  Type 
IV  shock  impingement  and  with  laser  energy  deposition  0.6  diameter  upstream  and  0.2  diameters  above  the 
centerline  axis,  0,  10, 20,  and  30  ps  after  laser  energy  deposition,  283  mJ/pulse,  150  mm  focal  length  lens 
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Figure  5.66  Instantaneous  argon/laser  generated  schlieren  images  of  Mach  3.45  sphere  with  Edney  Type 
IV  shock  impingement  and  with  laser  energy  deposition  0.6  diameter  upstream  and  0.2  diameters  above  the 
centerline  axis,  40,  50,  60,  and  70  ps  after  laser  energy  deposition,  283  mJ/pulse,  150  mm  focal  length  lens 
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Figure  5.67  Instantaneous  argon/laser  generated  schlieren  images  of  Mach  3.45  sphere  with  Edney  Type 
IV  shock  impingement  and  with  laser  energy  deposition  0.6  diameter  upstream  and  0.2  diameters  above  the 
centerline  axis,  80,  90,  100,  and  1 10  ps  after  laser  energy  deposition,  283  mJ/pulse,  150  mm  focal  length 
lens 
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Figure  5.68  Instantaneous  argon/laser  generated  schlieren  images  of  Mach  3.45  sphere  with  Edney  Type 
IV  shock  impingement  and  with  laser  energy  deposition  0.6  diameter  upstream  and  0.2  diameters  above  the 
centerline  axis,  120,  and  130  ps  after  laser  energy  deposition,  283  mJ/pulse,  150  mm  focal  length  lens 
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5.3.3  Surface  Pressure 

A  series  of  unsteady  surface  pressure  measurements  were  done  for  laser  energy  deposition  upstream  of 
the  sphere  model  with  an  Edney  Type  IV  impinging  shock.  Table  5.3  lists  the  tunnel  operating  parameters 
for  the  surface  pressure  measurements.  The  pressure  transducer,  sphere  model,  and  the  wind  tunnel  are 
described  in  Chapter  3. 

Table  5.3  Tunnel  operating  parameters  for  shock  impingement  surface  pressure  tests 


Mach  number 

Reynolds  number  based  on  sphere 
diameter,  Re^  = 

M 

Freestream  viscosity,  p 

Stagnation  pressure,  p0 
Stagnation  temperature,  T0 

Stagnation  density,  p0 

Freestream  temperature,  T 
Freestream  pressure,  p 

Freestream  density,  p 

Freestream  velocity,  V 
Freestream  speed  of  sound,  a 
Pitot  pressure,  p02 

Pitot  density,  p02 


3.45 

1.863xl06 


5.753xl0“6-^- 
m  s 

1.138xl06  Pa 
283  K 


14.012 


kg 


m 


83.7  K 
1.602  xlO4  Pa 


0.667-^- 

nr 

632.6  m/s 
183.4  m/s 

2.530  x10s  Pa 
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Figure  5.69  and  Figure  5.70  give  the  pressure  port  locations  relative  to  the  embedded  jet  impingement 
area  for  the  surface  pressure  measurements  with  the  two  energy  deposition  locations. 

Figure  5.71  and  Figure  5.72  are  plots  of  the  surface  pressure  of  the  Mach  3.45  sphere  with  an  Edney 
Type  IV  shock  interaction  and  with  laser  energy  deposition  upstream  of  the  sphere.  The  plots  show  the 
pressure  as  a  function  of  time  and  pressure  port  location  with  the  time  t  =  0  corresponding  to  the  time  of 
the  laser  deposition.  Both  plots  show  a  decrease  in  pressure  similar  to  the  thermal  spot  interaction  with  the 
sphere  without  the  shock  impingement.  The  pressure  has,  likewise,  been  nondimensionalized  with  the 
freestream  pitot  pressure. 
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Figure  5.22  through  Figure  5.33  show  a  correlation  of  the  surface  pressure  for  the  same  conditions  as 
shown  in  Figure  5.71  and  Figure  5.72  with  ensemble  averaged  schlieren  images.  The  schlieren  system  used 
for  these  images  was  the  Strobotac  system  (see  Section  3.2.1)  with  the  schlieren  flash  phase  locked  with  the 
laser  energy  deposition.  All  of  the  time  sequenced  schlieren  images  for  the  laser  energy  deposition 
upstream  of  the  shock  impingement  structure  show  a  perturbation  to  the  embedded  supersonic  jet. 

For  the  energy  deposition  location  of  0.7  diameters  upstream  and  0.15  diameters  above  model 
centerline,  there  is  an  increase  in  the  peak  surface  pressure  20  degrees  above  the  centerline.  This  increase 
in  the  pressure  at  this  location  is  due  to  a  secondary  shock  interaction  formed  by  the  shock  lensing  process 
and  subsequent  embedded  jet  forming  and  impinging  on  the  sphere  surface.  This  shifts  the  impingement 
location  of  the  oblique  shock,  and  shifts  the  location  of  the  embedded  shock.  Across  the  bottom  portion  of 
the  sphere,  the  pressure  decreases  and  then  increases  similar  to  the  thermal  interaction  with  the  sphere 
alone. 

For  the  second  test  case  for  the  surface  pressure  measurements,  the  energy  deposition  location  was  at 
0.7  diameters  upstream  and  0.28  diameters  above  the  centerline.  However,  for  this  case  there  is  no 
significant  increase  in  the  peak  pressure.  The  surface  pressure  decreases  across  the  face  of  the  sphere,  and 
the  peak  pressure  is  reduced  by  30%  due  to  the  thermal  interaction  of  the  laser  energy  deposition  with  the 
shock  structure  upstream  of  the  sphere. 
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Figure  5.69  Pressure  port  locations  with  port  diameter  indicated  and  relative  jet  impingement  region  for 
surface  pressure  measurements  for  the  energy  deposition  0.7  diameters  upstream  and  0.15  diameters  above 
model  centerline 
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Figure  5.70  Pressure  port  locations  with  port  diameter  indicated  and  relative  jet  impingement  region  for 
surface  pressure  measurements  for  the  energy  deposition  0.7  diameters  upstream  and  0.28  diameters  above 
model  centerline 
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Figure  5.71  Surface  pressure  traces  on  the  vertical  symmetry  plane  around  front  of  sphere  in  an  Edney  IV 
interaction  with  energy  deposition  0.7  diameters  upstream  and  0.15  diameters  above  model  centerline 
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Figure  5.72  Surface  pressure  traces  on  the  vertical  symmetry  plane  around  front  of  sphere  in  an  Edney  IV 
interaction  with  energy  deposition  0.7  diameters  upstream  and  0.28  diameters  above  model  centerline 
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Figure  5.73  Phase  averaged  xenon  Strobotac  flash  generated  schlieren  images  of  Mach  3.45  sphere  with 
an  Edney  IV  interaction  with  energy  deposition  0.7  diameters  upstream  and  0. 1 5  diameters  above  model 
centerline,  10,  20,  30,  and  40  ps  after  laser  energy  deposition,  258  mJ/pulse,  150  mm  focal  length  lens,  and 
correlated  with  polar  steady  state  and  instantaneous  pressure 
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Figure  5.74  Phase  averaged  xenon  Strobotac  flash  generated  schlieren  images  of  Mach  3.45  sphere  with 
an  Edney  IV  interaction  with  energy  deposition  0.7  diameters  upstream  and  0.15  diameters  above  model 
centerline,  50,  60,  70,  and  80  ps  after  laser  energy  deposition,  258  mJ/pulse,  150  mm  focal  length  lens,  and 
correlated  with  polar  steady  state  and  instantaneous  pressure 
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Figure  5.75  Phase  averaged  xenon  Strobotac  flash  generated  schlieren  images  of  Mach  3.45  sphere  with 
an  Edney  IV  interaction  with  energy  deposition  0.7  diameters  upstream  and  0.15  diameters  above  model 
centerline,  90,  100,  1 10,  and  120  ps  after  laser  energy  deposition,  258  mJ/pulse,  150  mm  focal  length  lens, 
and  correlated  with  polar  steady  state  and  instantaneous  pressure 
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Figure  5.76  Phase  averaged  xenon  Strobotac  flash  generated  schlieren  images  of  Mach  3.45  sphere  with 
an  Edney  IV  interaction  with  energy  deposition  0.7  diameters  upstream  and  0.15  diameters  above  model 
centerline,  130,  and  140  ps  after  laser  energy  deposition,  258  mJ/pulse,  150  mm  focal  length  lens,  and 
correlated  with  polar  steady  state  and  instantaneous  pressure 
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Figure  5.77  Phase  averaged  xenon  Strobotac  flash  generated  schlieren  images  of  Mach  3.45  sphere  with 
an  Edney  IV  interaction  with  energy  deposition  0.7  diameters  upstream  and  0.28  diameters  above  model 
centerline,  10,  20,  30,  and  40  |xs  after  laser  energy  deposition,  258  mJ/pulse,  150  mm  focal  length  lens,  and 
correlated  with  polar  steady  state  and  instantaneous  pressure 
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Figure  5.78  Phase  averaged  xenon  Strobotac  flash  generated  schlieren  images  of  Mach  3.45  sphere  with 
an  Edney  IV  interaction  with  energy  deposition  0.7  diameters  upstream  and  0.28  diameters  above  model 
centerline,  50,  60,  70,  and  80  ps  after  laser  energy  deposition,  258  mJ/pulse,  150  mm  focal  length  lens,  and 
correlated  with  polar  steady  state  and  instantaneous  pressure 
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Figure  5.79  Phase  averaged  xenon  Strobotac  flash  generated  schlieren  images  of  Mach  3.45  sphere  with 
an  Edney  IV  interaction  with  energy  deposition  0.7  diameters  upstream  and  0.28  diameters  above  model 
centerline,  90,  100, 120,  and  140  ps  after  laser  energy  deposition,  258  mJ/pulse,  150  mm  focal  length  lens, 
and  correlated  with  polar  steady  state  and  instantaneous  pressure 
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5.3.4  Surface  Heat  Transfer 


The  surface  heat  transfer  and  surface  temperature  was  measured  for  the  hemisphere  model  with  an 
Edney  Type  IV  shock/shock  interaction.  Table  5.4  lists  the  wind  tunnel  test  section  conditions  for  the 
shock  impingement  tests.  The  impinging  oblique  shock  was  generated  by  a  15  degree  wedge  mounted  to 
the  top  of  the  test  section  (see  Figure  3.15).  This  was  the  same  wedge  as  used  in  the  surface  pressure 
measurements. 

Table  5.4  Tunnel  operating  parameters  for  heat  transfer  measurements  on  sphere  with  shock  impingement 


Mach  number 

Reynolds  number  based  on  sphere 
diameter,  Re^  =  — — • 

Freestream  viscosity,  ju 

Stagnation  pressure,  p0 
Stagnation  temperature,  T0 

Stagnation  density,  p0 

Freestream  temperature,  T 
Freestream  pressure,  p 

Freestream  density,  p 

Freestream  velocity,  V 
Freestream  speed  of  sound,  a 
Pitot  pressure,  p02 

Pitot  density,  pQ2 


3.45 
1.905  xlO6 

5.666x1  O'6 

ms 

1.138xl06  Pa 
279  K 

14.212-^| 

rn 

82.5  K 
1.602xl04  Pa 

0.676^f- 

m 

628.1  m/s 

182.1  m/s 

2.530x10s  Pa 

3.160^| 

nr 


Figure  5.80  gives  the  thin  film  platinum  gauge  locations  and  widths  relative  to  the  embedded  jet 
impingement  location  for  the  temperature  and  heat  transfer  experiments  on  the  Mach  3.45  sphere  with 
shock  impingement. 

The  temperature  recorded  for  the  eight  gauge  sphere  model  at  a  sampling  rate  of  1  kHz  is  plotted  in 
Figure  5,81,  and  the  wall  heat  flux  is  plotted  in  Figure  5.82  for  the  case  of  no  laser  energy  deposition.  The 
increase  in  heat  transfer  rate  due  to  the  shock  impingement  can  readily  be  seen  when  these  plots  are 
compared  to  the  sphere  without  shock  impingement  shown  in  Figure  5.34  and  Figure  5.35.  The 
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temperature  and  the  heat  flux  for  the  stagnation  point,  gauge  1,  are  compared  for  the  sphere  with  and 
without  the  Edney  Type  IV  shock/shock  interaction  in  Figure  5.83  and  Figure  5.84.  The  effect  of  increased 
heat  flux  due  to  the  shock  impingement  can  clearly  be  seen  in  these  plots.  As  for  the  sphere  without  the 
shock  impingement,  the  sphere  is  cooling  during  the  wind  tunnel  run.  This  cooling  is  due  to  the  lower 
stagnation  compared  to  the  initial  ambient  temperature  of  the  sphere  surface.  The  stagnation  temperature 
also  drops  during  the  operation  of  the  wind  tunnel  (see  discussion  in  Section  3.6.3.2)  due  to  the  expansion 
process  in  the  air  storage  tanks. 

The  increase  in  heat  flux  associated  with  the  Edney  Type  IV  shock  interaction  can  be  attributed  to  the 
rise  in  stagnation  pressure  behind  the  embedded  jet.  Refer  to  the  discussion  given  in  Section  5.3.1 
describing  the  increase  in  pressure  associated  with  the  shock/shock  interaction.  The  van  Driest  equation  for 
the  stagnation  point  heat  flux  relates  the  heating  to  the  stagnation  pressure  (see  Equations  (3.22),  (3.23), 
and  (3.24)).  Since  the  stagnation  pressure  will  increase  behind  the  embedded  jet,  the  heat  flux  will  increase 
accordingly. 

For  the  laser  energy  deposition  upstream  of  the  hemisphere  with  shock  impingement,  surface  heat 
transfer  data  was  collected  for  a  sampling  rate  of  1  MHz.  The  same  data  reduction  was  applied  to  the  data 
as  for  the  laser  energy  deposition  for  the  sphere  without  shock  impingement  (see  Section  5.2.4). 

Figure  5.85  gives  the  measured  wall  heat  flux  on  Mach  3.45  sphere  with  Edney  Type  IV  shock 
impingement  and  with  laser  energy  deposition  1.0  diameter  upstream  and  0.45  diameters  above  the 
centerline  axis  for  a  single  laser  pulse  at  283  mJ/pulse  and  a  150  mm  focal  length  lens.  Figure  5.86  -  Figure 
5.93  gives  the  measured  temperature  and  heat  flux  for  the  each  of  the  eight  gauges.  Error  bars  presented 
bound  the  measurement  uncertainty  for  the  data  and  represent  the  one  standard  deviation  distribution  in  the 
data.  These  error  bars  are  presented  for  various  times.  The  laser  was  fired  at  a  rate  of  10  Hz.  The  gauge 
locations  are  shown  by  the  dashed  lines  in  Figure  5.85.  Tecplot  was  used  to  interpolate  the  data  between 
the  gauges  and  generate  the  contour  plots. 

The  radiation  heating  from  the  laser  spark  can  be  seen  by  the  ridge  in  the  contour  plot  at  0  ps.  The  blast 
wave  heating  can  be  seen  by  the  ridge  denoted  on  the  plot.  Here  the  blast  wave  heating  lags  for  the 
stagnation  region  gauges.  The  lag  for  this  case  is  the  reverse  for  the  laser  energy  deposition  upstream  of 
the  sphere  discussed  in  Section  5.2.4.  This  reversal  is  due  to  the  spot  being  located  above  centerline. 
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Therefore,  the  blast  wave  reaches  the  upper  gauges  first  and  then  the  lower  stagnation  gauges.  The  heating 
due  to  the  blast  wave  can  be  correlated  with  the  schlieren  images  for  20  to  30  ps  in  Figure  5.59.  The 
heating  of  the  sphere  due  to  the  thermal  spot  interaction  occurs  from  80  to  100  ps  (see  Figure  5.85).  Here 
the  heating  is  across  the  upper  gauges,  and  this  is  due  to  the  spot  being  located  above  the  centerline,  0.45 
diameters,  for  this  case.  The  thermal  spot  interaction  is  also  observed  in  the  schlieren  images  for  80  to  100 
ps  in  Figure  5.60  and  Figure  5.61.  The  heating  rate  returns  to  a  steady  state  by  160  ps. 

After  the  blast  wave  heating  effect  from  the  laser  spark  and  before  the  thermal  spot  reaches  the  sphere 
surface,  there  is  a  time  span  when  the  temperature  drops  and  there  is  a  cooling  effect.  This  drop  in 
temperature  is  associated  with  the  expansion  fan  hitting  the  surface  of  the  sphere  from  the  lensing  process 
described  in  Section  5.2.3. 

Since  the  compression  ramp  to  generate  the  oblique  shock  is  in  the  boundary  layer,  the  oblique  shock 
will  fluctuate.  These  fluctuations  also  cause  a  significant  amount  of  the  fluctuations  in  the  amount  of 
heating  from  the  thermal  spot.  These  fluctuations  can  be  seen  by  the  increase  in  the  distribution  about  the 
mean  in  Figure  5.86  -  Figure  5.93  for  the  thermal  spot  heating  of  the  sphere  model. 

The  thermal  spot  heating  of  the  sphere  with  the  shock  impingement  lags  behind  the  thermal  spot  heating 
for  the  sphere  alone  for  the  energy  deposition  1.0  diameter  upstream.  This  30  ps  lag  can  be  attributed  to 
the  spot  being  sheared  and  slowed  down  as  it  interacts  with  the  oblique  shock  upstream  of  the  model.  This 
also  causes  the  thermal  spot  to  spread  and  elongate  along  the  oblique  shock  during  this  shock  interface 
interaction  as  it  approaches  the  model. 

Figure  5.94  plots  the  heat  flux  to  the  sphere  for  the  Mach  3.45  sphere  with  Edney  Type  IV  shock 
impingement  and  with  laser  energy  deposition  1.0  diameter  upstream  and  0.45  diameters  above  the 
centerline  axis  for  a  double  laser  pulse  separated  by  5  ps,  each  laser  phase  locked  at  a  firing  rate  of  10  Hz  at 
263  mJ/pulse  and  with  a  150  mm  focal  length  lens.  No  schlieren  images  are  shown  for  the  double  pulse 
test  case.  Very  little  difference  is  observed  between  the  double  pulse  and  the  single  pulse  cases. 

Figure  5.95  gives  the  measured  wall  heat  flux  on  Mach  3.45  sphere  with  Edney  Type  IV  shock 
impingement  and  with  laser  energy  deposition  0.6  diameters  upstream  and  0.2  diameters  above  the 
centerline  axis  for  a  single  laser  pulse,  fired  at  10  Hz  at  283  mJ/pulse  and  with  a  150  mm  focal  length  lens. 
The  radiation,  blast  wave,  and  thermal  spot  heating  are  denoted  on  the  plot  and  can  be  correlated  with  the 
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schlieren  images  in  Figure  5.65,  -  Figure  5.68.  Figure  5.96  -  Figure  5.103  present  the  measured 
temperature  and  the  heat  flux  for  gauges  1-8  for  this  test  case. 

Figure  5.104  shows  the  measured  wall  heat  flux  on  Mach  3.45  sphere  with  Edney  Type  IV  shock 
impingement  and  with  laser  energy  deposition  0.6  diameters  upstream  and  0.2  diameters  above  the 
centerline  axis  for  a  double  laser  pulse  separated  by  5  ps  with  the  lasers  phase  locked  and  firing  at  10  Hz  at 
263  mJ/pulse,  and  with  a  150  mm  focal  length  lens.  The  radiation,  blast  wave,  and  thermal  spot  heating  are 
denoted  on  the  plot.  There  were  no  schlieren  images  taken  for  this  test  case. 

Figure  5.105  is  the  time  integrated  heat  flux  for  each  gauge  for  each  of  the  four  test  cases  described 
above.  This  figure  gives  the  total  energy  flux  to  the  gauge  over  the  period  of  time  of  the  interaction  with 
the  thermal  spot  generated  by  the  laser  perturbation.  As  for  the  sphere  without  the  shock  impingement,  this 
integration  puts  the  high  heat  fluxes  observed  for  the  interaction  process  into  perspective.  If  the  maximum 
energy  flux  from  Figure  5.105, 0.03  mJ/mm2  is  then  integrated  across  the  face  of  the  sphere,  then  the  upper 
bound  for  the  total  energy  fluxed  through  the  sphere  surface  is  30  mJ.  As  an  upper  estimate,  roughly  only 
1 1%  of  the  energy  from  the  laser  energy  deposition  is  transferred  to  the  sphere.  The  rest  of  the  energy  from 
the  laser  deposition  will  still  be  contained  in  the  flow,  i.e.  blast  wave,  turbulence,  enthalpy,  etc.,  and  these 
forms  of  energy  convect  downstream  in  the  flow. 

In  summary,  the  energy  deposition  tests  upstream  of  the  sphere  with  shock  impingement  are 
inconclusive  on  whether  the  heat  flux  can  be  beneficially  modified.  There  are  two  reasons  that  hindered 
the  heat  transfer  measurements.  First,  the  ramp  in  the  boundary  causes  the  oblique  shock  to  fluctuate, 
thereby,  causing  a  fluctuation  in  the  embedded  jet.  This  jet  will  then  sweep  across  the  face  of  the  sphere 
and  average  out  the  peak  heating  associated  with  the  Type  IV  interaction.  This  will  also  cause  fluctuations 
and  an  averaging  in  the  measured  temperature  and  consequently  the  heat  transfer  rate.  Secondly,  the 
heating  associated  with  the  thermal  spot  interaction  is  an  order  of  magnitude  greater  than  the  heating 
measured  for  the  shock  impingement  alone  (compare  the  heating  levels  in  Figure  5.82  and  Figure  5.85  for 
instance).  Therefore,  it  is  impossible  to  distinguish  the  heating  fluctuations  caused  by  the  oblique  shock 
turbulent  boundary  layer  interactions  in  addition  to  the  fluctuations  that  might  be  present  but  masked  by  the 
high  heating  associated  with  the  thermal  spot  interaction.  However,  the  sensitivity  of  the  gauges  have  been 
demonstrated  by  the  detection  of  the  spark  radiation,  blast  wave  heating,  and  the  expansion  cooling  effect. 
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Figure  5.80  Thin  film  platinum  gauge  locations  with  gauge  width  indicated  and  relative  jet  impingement 
region  for  surface  temperature  and  heat  flux  measurements 
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Figure  5.81  Hemisphere  wall  temperature  with  impinging  shock  and  no  laser  spark 
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Figure  5.83  Comparison  of  stagnation  point  surface  temperature  for  sphere  with  and  without  Edney  Type 
IV  shock/shock  interaction 
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Figure  5.84  Comparison  of  stagnation  point  heat  transfer  for  sphere  with  and  without  Edney  Type  IV 
shock/shock  interaction 
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Figure  5.85  Measured  wall  heat  flux  on  Mach  3.45  sphere  with  Edney  Type  IV  shock  impingement  and 
with  laser  energy  deposition  1 .0  diameter  upstream  and  0.45  diameters  above  the  centerline  axis,  one  laser 
pulse  (10  Hz)  at  283  mJ/pulse,  150  mm  focal  length  lens 
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Figure  5.86  Measured  wall  heat  flux  and  wall  temperature  for  gauge  1  on  Mach  3.45  sphere  with  Edney 
Type  IV  shock  impingement  and  with  laser  energy  deposition  1.0  diameter  upstream  and  0.45  diameters 
above  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283  mJ/pulse,  150  mm  focal  length  lens 
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Figure  5.87  Measured  wall  heat  flux  and  wall  temperature  for  gauge  2  on  Mach  3.45  sphere  with  Edney 
Type  IV  shock  impingement  and  with  laser  energy  deposition  1.0  diameter  upstream  and  0.45  diameters 
above  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283  mJ/pulse,  150  mm  focal  length  lens 
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Figure  5.88  Measured  wall  heat  flux  and  wall  temperature  for  gauge  3  on  Mach  3.45  sphere  with  Edney 
Type  IV  shock  impingement  and  with  laser  energy  deposition  1 .0  diameter  upstream  and  0.45  diameters 
above  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283  mJ/pulse,  150  mm  focal  length  lens 
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Figure  5.89  Measured  wall  heat  flux  and  wall  temperature  for  gauge  4  on  Mach  3,45  sphere  with  Edney 
Type  IV  shock  impingement  and  with  laser  energy  deposition  1.0  diameter  upstream  and  0.45  diameters 
above  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283  mJ/pulse,  150  mm  focal  length  lens 
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Figure  5.90  Measured  wall  heat  flux  and  wall  temperature  for  gauge  5  on  Mach  3.45  sphere  with  Edney 
Type  IV  shock  impingement  and  with  laser  energy  deposition  1.0  diameter  upstream  and  0.45  diameters 
above  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283  mJ/pulse,  150  mm  focal  length  lens 
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Figure  5.91  Measured  wall  heat  flux  and  wall  temperature  for  gauge  6  on  Mach  3.45  sphere  with  Edney 
Type  IV  shock  impingement  and  with  laser  energy  deposition  1 .0  diameter  upstream  and  0.45  diameters 
above  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283  mJ/pulse,  150  mm  focal  length  lens 


Figure  5.92  Measured  wall  heat  flux  and  wall  temperature  for  gauge  7  on  Mach  3.45  sphere  with  Edney 
Type  IV  shock  impingement  and  with  laser  energy  deposition  1 .0  diameter  upstream  and  0.45  diameters 
above  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283  mJ/pulse,  150  mm  focal  length  lens 


225 


226 


$4 

** — / 

s 


<L> 

CL 

I 


Figure  5.93  Measured  wall  heat  flux  and  wall  temperature  for  gauge  8  on  Mach  3.45  sphere  with  Edney 
Type  IV  shock  impingement  and  with  laser  energy  deposition  1.0  diameter  upstream  and  0.45  diameters 
above  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283  mJ/pulse,  150  mm  focal  length  lens 


Figure  5.94  Measured  wall  heat  flux  on  Mach  3.45  sphere  with  Edney  Type  IV  shock  impingement  and 
with  laser  energy  deposition  1.0  diameter  upstream  and  0.45  diameters  above  the  centerline  axis,  double 
laser  pulse  separated  by  5  ps  (10  Hz)  at  263  mJ/pulse,  150  mm  focal  length  lens 


226 


227 


Figure  5,95  Measured  wall  heat  flux  on  Mach  3.45  sphere  with  Edney  Type  IV  shock  impingement  and 
with  laser  energy  deposition  0.6  diameters  upstream  and  0.2  diameters  above  the  centerline  axis,  one  laser 
pulse  (10  Hz)  at  283  mJ/pulse,  150  mm  focal  length  lens 
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Figure  5.96  Measured  wall  heat  flux  and  wall  temperature  for  gauge  1  on  Mach  3.45  sphere  with  Edney 
Type  IV  shock  impingement  and  with  laser  energy  deposition  0.6  diameters  upstream  and  0.2  diameters 
above  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283  mJ/pulse,  150  mm  focal  length  lens 
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Figure  5.97  Measured  wall  heat  flux  and  wall  temperature  for  gauge  2  on  Mach  3.45  sphere  with  Edney 
Type  IV  shock  impingement  and  with  laser  energy  deposition  0.6  diameters  upstream  and  0.2  diameters 
above  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283  mJ/pulse,  150  mm  focal  length  lens 
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Figure  5.98  Measured  wall  heat  flux  and  wall  temperature  for  gauge  3  on  Mach  3.45  sphere  with  Edney 
Type  IV  shock  impingement  and  with  laser  energy  deposition  0.6  diameters  upstream  and  0.2  diameters 
above  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283  mJ/pulse,  150  mm  focal  length  lens 
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Figure  5.99  Measured  wall  heat  flux  and  wall  temperature  for  gauge  4  on  Mach  3.45  sphere  with  Edney 
Type  IV  shock  impingement  and  with  laser  energy  deposition  0.6  diameters  upstream  and  0.2  diameters 
above  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283  mJ/pulse,  150  mm  focal  length  lens 
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Figure  5.100  Measured  wall  heat  flux  and  wall  temperature  for  gauge  5  on  Mach  3.45  sphere  with  Edney 
Type  IV  shock  impingement  and  with  laser  energy  deposition  0.6  diameters  upstream  and  0.2  diameters 
above  the  centerline  axis,  one  laser  pulse  ( 1 0  Hz)  at  283  mJ/pulse,  1 50  mm  focal  length  lens 
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Figure  5.101  Measured  wall  heat  flux  and  wall  temperature  for  gauge  6  on  Mach  3.45  sphere  with  Edney 
Type  IV  shock  impingement  and  with  laser  energy  deposition  0.6  diameters  upstream  and  0.2  diameters 
above  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283  mJ/pulse,  150  mm  focal  length  lens 


Figure  5.102  Measured  wall  heat  flux  and  wall  temperature  for  gauge  7  on  Mach  3.45  sphere  with  Edney 
Type  IV  shock  impingement  and  with  laser  energy  deposition  0.6  diameters  upstream  and  0.2  diameters 
above  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283  mJ/pulse,  150  mm  focal  length  lens 
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Figure  5.103  Measured  wall  heat  flux  and  wall  temperature  for  gauge  8  on  Mach  3.45  sphere  with  Edney 
Type  IV  shock  impingement  and  with  laser  energy  deposition  0.6  diameters  upstream  and  0.2  diameters 
above  the  centerline  axis,  one  laser  pulse  (10  Hz)  at  283  mJ/pulse,  150  mm  focal  length  lens 
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Figure  5.104  Measured  wall  heat  flux  on  Mach  3.45  sphere  with  Edney  Type  IV  shock  impingement  and 
with  laser  energy  deposition  0.6  diameters  upstream  and  0.2  diameters  above  the  centerline  axis,  double 
laser  pulse  separated  by  5  ps  (10  Hz)  at  263  mJ/pulse,  150  mm  focal  length  lens 
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Figure  5.105  Time  integrated  heat  flux  for  each  of  the  gauges  from  small  time  scale  data,  lwl  =  single 
laser  pulse  1.0  diameter  upstream  and  0.45  diameters  above  centerline,  lw2  =  single  laser  pulse  0.6 
diameters  upstream  and  0.2  diameters  above  centerline,  2wl  =  double  laser  pulse  1.0  diameter  upstream 
and  0.45  diameters  above  centerline,  and  2w2  =  double  laser  pulse  0.6  diameters  upstream  and  0.2 
diameters  above  centerline 


5.4  Summary 


The  goal  was  to  effectively  show  that  the  severe  aerothermal  loads  associated  with  the  Edney  Type  IV 
shock  impingement  could  be  reduced  by  laser  energy  upstream  of  the  shock/shock  interaction  region. 

The  pressure  and  heat  transfer  were  measured  for  energy  deposition  upstream  of  the  sphere  without 
shock  impingement  as  a  baseline  and  for  comparison  to  the  shock  impingement  case.  Schlieren  images 
were  taken  for  flow  visualization  of  the  interaction  processes.  The  heat  transfer  data  detects  the  radiation, 
blast  wave  heating,  cooling  of  the  expansion  due  to  the  thermal  interface  and  bow  shock  interaction,  and 
the  thermal  spot  hitting  the  sphere  surface.  This  blast  wave  heating  was  verified  with  the  schlieren  images. 
A  reduction  of  40%  was  measured  in  the  stagnation  pressure  for  the  sphere  without  shock  impingement. 
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The  peak  pressure  associated  with  the  Edney  IV  interaction  was  momentarily  reduced  by  30%  by  laser 
energy  deposition  upstream  of  the  sphere  with  shock  impingement.  The  heat  transfer  measurements  were 
inconclusive  in  determining  a  reduction  in  heat  transfer  with  laser  energy  deposition.  Any  reduction  in  heat 
transfer  rate  associated  with  the  Type  IV  interaction  could  not  be  separated  out  from  the  heating  associated 
with  the  thermal  spot  interaction  with  the  sphere.  However,  as  with  the  sphere  without  shock  impingement 
the  sensitivity  of  the  gauges  was  demonstrated  for  tests  conducted  with  laser  energy  deposition  upstream  of 
the  sphere.  Problems  were  also  attributed  to  boundary  layer  shock  interactions  with  the  shock  generator 
located  within  the  test  section  boundary  layer. 

The  schlieren  images  did  show  a  significant  effect  on  the  shock  structure  for  the  energy  deposition 
upstream  of  the  Edney  IV  shock/shock  interaction  location.  Locations  for  energy  deposition  that  still 
perturb  the  shock  structure  but  where  the  thermal  spot  does  not  impinge  on  the  body  might  provide  a  means 
of  mitigating  the  heat  transfer  associated  with  the  shock  impingement,  and  not  cause  excessive  heating  due 
to  the  spot.  Additionally,  rapid  laser  pulses  of  lower  power  might  be  effective  in  perturbing  the  Edney  IV 
structure  and  minimizing  the  heat  transfer  of  the  thermal  spot  impingement. 
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Chapter  6 

Crossing  Shocks 

6.1  Overview  of  Crossing  Shock  Tests 

The  objective  of  the  crossing  shock  experiments  was  to  see  if  the  shock  structure  in  the  dual  solution 
domain  could  be  effectively  transitioned  through  the  used  of  laser  energy  deposition.  The  goal  would  be  to 
reduce  the  total  pressure  losses  associated  with  a  normal  shock  by  transitioning  the  Mach  reflection  to  a 
regular  reflection  (see  discussion  in  Section  2.4.2).  Figure  6.1,  Table  6.1,  Figure  6.2,  and  Table  6.2 
summarize  the  laser  energy  deposition  locations  for  the  test  cases  involving  the  crossing  shocks. 
Qualitative  flow  assessments  are  made  from  time  sequenced  schlieren  images  obtained  for  these  energy 
deposition  locations  in  Section  6.2,  and  numerical  simulation  results  are  compared  with  one  of  the  test 
cases  in  Section  6.3. 


Figure  6.1  Energy  deposition  locations  for  wedges  with  span  b  =  2.2 w  (image  is  drawn  to  scale) 
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Table  6.1  Laser  deposition  position  and  energy  levels  for  wedges  with  span  b  ~  22w 


Position 

Distance  upstream  from 

Distance  above  leading 

Energy 

leading  edge,  x/w 

edge,  ylw 

(mJ/pulse) 

1 

-0.02 

0.25 

215 

1 

-0.02 

0.25 

105 

2 

-0.05 

0.58 

215 

3 

-0.02 

0.95 

215 

4 

-1.31 

0.98 

215 

5 

0.59 

0.05 

215 

Figure  6.2  Energy  deposition  locations  for  wedges  with  span  b  =  4.0 w  (image  is  drawn  to  scale) 


Table  6.2  Laser  deposition  position  and  energy  levels  for  wedges  with  span  b  =  4w 


Position 

Distance  upstream  from 

Distance  above  leading 

leading  edge,  x/w 

edge,  y/w 

1 

0.23 

0.25 

2 

0.12 

0.47 

Energy 

(mJ/pulse) 

215 

215 
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6.2  Flow  Visualization 

An  experimental  survey  of  energy  deposition  locations,  energy  levels,  and  wedge  span  widths  was 
completed  to  assess  the  effects  of  laser  energy  deposition  on  the  shock  structures  in  the  dual  solution 
domain  at  Mach  3.45.  Symmetric,  22  degree  wedges,  were  tested  in  the  wind  tunnel  with  laser  energy 
deposition.  Two  different  span  wedges,  2.2w  and  4 w,  were  tested  where  w,  the  wedge  length,  was  25.4  mm 
(see  Section  3.7  for  details  on  the  wedge  models).  Since  the  wedges  had  an  angle  of  22  degrees,  the 
intersecting  shock  structure  falls  within  the  dual  solution  domain  (see  Section  2.4.2  and  Figure  2.7).  The 
2.2 w  span  wedges  were  tested  with  five  different  laser  energy  deposition  locations,  and  schlieren  flow 
visualization  was  used  to  determine  the  effect  of  the  energy  deposition  on  the  shock  structure.  Dr.  Hong 
Han  numerically  simulated  the  energy  deposition  for  one  of  the  locations  and  the  experimental  and 
computation  results  are  compared  in  Section  6.3.  The  4 w  span  wedges  were  tested  with  two  energy 
deposition  locations.  The  two  different  span  wedges  were  tested  to  determine  three-dimensional  spanwise 
effects  on  the  flow  structure. 

Table  6.3  lists  the  tunnel  operational  parameters  for  the  tests  on  the  wedges,  and  Table  6.4  lists  flow 
parameters  for  the  wedges. 

Figure  6.3  through  Figure  6.6  give  the  time  sequence  of  laser/argon  schlieren  images  for  laser  energy 
deposition,  at  215  mJ/pulse,  and  with  deposition  location  aligned  with  leading  edge  of  wedges  and  0.25  w 
above  the  leading  edge  (position  1).  The  wedge  span  is  b  ~  2.2 w,  and  the  separation  between  the  back  of 
the  wedges  is  2g  =  1.14w.  Due  to  the  turbulence  levels  within  the  test  section  [136],  the  Mach  stem 
solution  occurs  for  this  wind  tunnel  and  wedge  angle.  The  dependence  of  the  Mach  stem  versus  regular 
reflection  solution  on  the  turbulence  levels  has  been  demonstrated  by  Ivanov.  [74]  The  blast  wave  from  the 
laser  energy  deposition  is  clearly  observed  at  10  ps.  As  time  progresses  the  blast  wave  and  thermal  spot 
begin  to  interact  with  the  oblique  shock.  By  40  ps  the  blast  wave  interacts  with  the  Mach  stem  at  the 
oblique  shock  intersection  point.  Due  to  the  lowering  of  the  local  Mach  number  around  the  thermal  spot, 
the  oblique  shock  generated  by  the  bottom  wedge  moves  upstream.  Initial  effects  on  the  Mach  stem  can  be 
seen  from  40  to  50  ps.  By  lowering  the  localized  Mach  number  the  effect  is  to  pull  the  solution  to  the  left 
in  the  dual  solution  domain  (see  Figure  2.7).  The  solution  will  then  approach  the  lower  boundary  of  the 


236 


237 


dual  solution  domain.  If  the  Mach  number  is  decreased  sufficiently,  the  regular  reflection  solution  will 
occur.  However,  even  if  the  boundary  is  not  crossed,  the  Mach  stem  will  still  decrease.  Both  Ivanov  [68] 
and  Schmisseur  and  Gaitonde  [125]  have  demonstrated  the  decrease  in  Mach  stem  height  as  the  lower 
boundary  of  the  dual  solution  domain  is  approached  by  changing  the  wedge  angle.  Figure  6.22  gives  the 
Mach  stem  height  as  the  laser  perturbation  interacts  with  the  shock  structure  for  this  test  case.  The  Mach 
stem  decreases  to  30%  of  its  original  height.  By  300  ps  the  Mach  stem  has  returned  to  its  original  height. 

For  the  next  test  case,  the  energy  was  deposited  at  the  same  location,  position  1  (see  Figure  6.1),  but  at  a 
lower  amount  of  energy.  The  amount  of  energy  was  approximately  half  of  the  energy  for  the  previous  case. 
Figure  6.7  through  Figure  6.9  give  the  time  sequence  of  instantaneous  schlieren  images  for  laser  energy 
deposition,  at  105  mJ/pulse,  with  deposition  location  aligned  with  leading  edge  of  wedges  and  0.25w  above 
the  leading  edge.  The  wedge  span  is  b  =  2.2w,  and  the  separation  between  the  back  of  the  wedges  is 
2g  =  1.1 4w .  The  same  gross  flow  features  are  observed  for  this  test  case,  however,  the  effect  on  the  Mach 

stem  is  not  as  great  as  for  the  higher  energy  level  discussed  above.  The  Mach  stem  height  is  shown  in 
Figure  6.22  as  the  shock  structure  interacts  with  the  laser  perturbation.  The  Mach  stem  is  estimated  to 
reduce  to  40%  of  its  original  height. 

Figure  6.10  through  Figure  6.12  give  the  time  sequence  of  instantaneous  schlieren  images  for  laser 
energy  deposition,  at  215  mJ/pulse  with  deposition  location  aligned  with  leading  edge  of  wedges  and  0.58w 
above  leading  edge  (position  2).  The  wedge  span  is  b  =  2.2 w,  and  the  separation  between  the  back  of  the 
wedges  is  2 g  =  1.14w .  In  a  like  manner,  the  blast  wave  and  the  thermal  spot  interact  with  the  wedge  shock 

structure.  However,  there  is  less  interaction  of  the  thermal  region  with  the  wedge  surface.  The  Mach  stem 
heights  for  this  test  case  are  shown  in  Figure  6.22.  The  Mach  stem  is  reduced  to  25%  of  its  original  height. 

Figure  6.13  through  Figure  6.15  give  the  time  sequence  of  instantaneous  schlieren  images  for  laser 
energy  deposition,  at  215  mJ/pulse  with  deposition  location  aligned  with  leading  edge  of  wedges  and  on 
centerline  (position  3).  The  wedge  span  is  b  =  2.2w,  and  the  separation  between  the  back  of  the  wedges  is 
2g  =  1.1 4w .  This  test  case  increases  the  Mach  stem  by  the  lensing  effect  on  the  original  Mach  stem.  The 
Mach  stem  is  increased  by  230%  of  its  initial  height  and  returns  to  the  original  height  by  300  ps. 
Additionally,  a  vortex  pair  formation  is  formed  downstream  of  the  Mach  stem  due  to  the  interaction 
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process.  This  vortex  pair  formation  is  similar  to  the  vortex  formation  when  laser  energy  is  deposited 
upstream  of  a  Mach  disk  in  an  underexpanded  jet.  [2] 

Figure  6.16  through  Figure  6.19  give  the  time  sequence  of  instantaneous  schlieren  images  for  laser 
energy  deposition,  at  215  mJ/pulse  with  deposition  location  behind  Mach  stem  and  on  centerline  (position 
4).  The  wedge  span  is  b  =  22w,  and  the  separation  between  the  back  of  the  wedges  is  2g  =  1.14w. 

Figure  6.22  shows  the  Mach  stem  increase  by  1.8  times  its  original  height  for  this  test  case.  There  will  be 
two  effects  in  for  these  energy  deposition  position  that  will  drive  the  Mach  stem  forward.  First  the  blast 
wave  from  the  spot  will  propagate  upstream  and  interact  with  the  Mach  stem.  Second,  the  pressure  will 
increase  in  the  subsonic  region  of  the  deposition  region,  and  the  temperature  will  increase.  The  local  Mach 
number  will  decrease.  All  of  these  effects  will  increase  the  cause  the  Mach  stem  to  move  upstream. 

Figure  6.20  through  Figure  6.21  give  the  time  sequence  of  instantaneous  schlieren  images  for  laser 
energy  deposition,  at  215  mJ/pulse  with  deposition  location  0.59w  upstream  of  leading  edge  and  0 .05w 
above  leading  edge  (position  5).  The  wedge  span  is  b  =  2.2w,  and  the  separation  between  the  back  of  the 
wedges  is  2 g  =  1.14w.  Figure  6.22  shows  the  similar  decrease  in  Mach  stem  height  due  to  the  energy 

deposition.  The  height  for  this  test  case  decreases  to  40%  of  the  original  height. 

Figure  6.23  through  Figure  6.26  give  the  time  sequence  of  instantaneous  schlieren  images  for  laser 
energy  deposition,  at  215  mJ/pulse  with  deposition  location  0.1 2w  upstream  of  leading  edge  and  0.47w 
above  leading  edge  (position  2  in  Figure  6.2).  The  wedge  span  is  b  =  4.0w,  and  the  separation  between  the 
back  of  the  wedges  is  2g  =  1.1 9w .  No  measurements  were  made  for  the  Mach  stem  height.  The  energy 

deposition  upstream  of  the  larger  span  wedges  contains  the  same  type  of  evolving  flow  features  as 
discussed  above,  i.e.,  the  distortion  of  the  oblique  shock,  perturbation  of  the  intersection  point,  and 
decreasing/increasing  Mach  stem.  However,  qualitatively  the  effect  on  the  Mach  stem  for  the  larger  span 
wedges  is  not  as  great  as  for  the  smaller  span  wedges.  The  three-dimensional  variation  of  the  Mach  stem 
will  be  different  for  the  larger  span  wedges,  and,  therefore,  the  overall  effect  of  the  energy  perturbation  to 
the  Mach  stem  will  be  less.  In  addition,  by  the  nature  of  the  schlieren,  the  images  are  integrated  in  the 
spanwise  direction.  This  aspect  could  also  mask  some  of  the  effect  on  shock  structures  for  the  energy 
deposition  upstream  of  the  larger  span  wedges. 
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Figure  6.27  gives  the  time  sequence  of  instantaneous  schlieren  images  for  laser  energy  deposition,  at 
215  mJ/pulse  with  deposition  location  0.23w  upstream  of  leading  edge  and  0.25w  above  leading  edge.  The 
wedge  span  is  b  =  4.0w,  and  the  separation  between  the  back  of  the  wedges  is  2g  =  1.1 9w . 

No  measurements  were  made  for  the  Mach  stem  height  for  the  b  =  4w  span  wedges. 
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Table  6.3  Tunnel  operational  parameters  for  wedge  tests 


Mach  number 

Reynolds  number  based  on  wedge 
length,  tv,  Rew  = 

M 

Freestream  viscosity,  p 

Stagnation  pressure,  p0 
Stagnation  temperature,  T0 

Stagnation  density,  p0 

Freestream  temperature,  T 
Freestream  pressure,  p 

Freestream  density,  p 

Freestream  velocity,  V 
Freestream  speed  of  sound,  a 
Pitot  pressure,  p02 

Pitot  density,  p02 


3.45 

1.863xl06 

5.753  x  10"*  — 
ms 

1.138xl06  Pa 
283  K 

14.012^| 
nr 
83.7  K 
1.602xl04  Pa 

0.667 

m 

632.6  m/s 
183.4  m/s 
2.530  xlO5  Pa 

3.116*f 

m 


Table  6.4  Wedge  flow  parameters  for  Mach  3.45 


Flow  deflection  angle,  8, 
(deg) 

8vn  =  20.48 
8d  -  23.68 
22 


Shock  angle,  a,  L. 
(deg) 

ou  =  35.41 
<*,  =  39.28 
37.21 


i.  exp.  fan  rel.  to  wedge, 
to (deg) 

26.51 

29.32 

27.76 


240 


Figure  6.3  Instantaneous  laser/argon  schlieren  time  sequence  of  laser  energy  deposition  at  215  mJ/pulse 
with  deposition  location  -0.02w  from  leading  edge  of  wedges  and  0.25vv  above  leading  edge  for  0,  10,  20, 
30, 40,  and  50  ps  delays,  2g  =  1 . 14w,  and  b  =  2.2w 
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Figure  6.4  Instantaneous  laser/argon  schlieren  time  sequence  of  laser  energy  deposition  at  215  mJ/pulse 
with  deposition  location  -0.02w  from  leading  edge  of  wedges  and  0.25w  above  leading  edge  for  60,  70,  80, 
90, 100,  and  1 10  ps  delays,  2 g  =  1.14 w,  and  b  =  22w 
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Figure  6.5  Instantaneous  laser/argon  schlieren  time  sequence  of  laser  energy  deposition  at  215  mJ/pulse 
with  deposition  location  -0.02 w  from  leading  edge  of  wedges  and  0.25  w  above  leading  edge  for  120,  130, 
140,  160, 180,  and  200  ps  delays,  2 g  =  1.14w,  and  b  -  22w 


220  ns  300  |is 


Figure  6.6  Instantaneous  laser/argon  schlieren  time  sequence  of  laser  energy  deposition  at  215  mJ/pulse 
with  deposition  location  -0.02w  from  leading  edge  of  wedges  and  0.25w  above  leading  edge  for  220  and 
300  jus  delays,  2g  =  1.14w,  and  b  =  2.2w 
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Figure  6.7  Instantaneous  laser/argon  schlieren  time  sequence  of  laser  energy  deposition  at  105  mJ/pulse 
with  deposition  location  ~0.02w  from  leading  edge  of  wedges  and  0.25w  above  leading  edge  for  0,  10,  20, 
30,  40,  and  50  ps  delays,  2g  -  L14w,  and  b  =  22w 
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Figure  6.8  Instantaneous  laser/argon  schlieren  time  sequence  of  laser  energy  deposition  at  105  mJ/pulse 
with  deposition  location  -0.02vv  from  leading  edge  of  wedges  and  0.25  w  above  leading  edge  for  60,  70,  80, 
90, 100,  and  1 10  ps  delays,  2g  =  1 . 14w,  and  b  =  2.2w 
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Figure  6.9  Instantaneous  laser/argon  schlieren  time  sequence  of  laser  energy  deposition  at  105  mJ/pulse 
with  deposition  location  -0.02w  from  leading  edge  of  wedges  and  0.25w  above  leading  edge  for  120, 130, 
140,  and  340  (is  delays,  2g  =  1.14w,  and  b  =  2.2 w 
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40  ns  50  ns 

Figure  6.10  Instantaneous  laser/argon  schlieren  time  sequence  of  laser  energy  deposition  at  215  mJ/pulse 
with  deposition  location  -0.05w  from  leading  edge  of  wedges  and  0.58w  above  leading  edge  for  0,  10,  20, 


30, 40,  and  50  ns  delays,  2 g  =  1.14w,  and  b  =  2.2 w 
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Figure  6.11  Instantaneous  laser/argon  schlieren  time  sequence  of  laser  energy  deposition  at  215  mJ/pulse 
with  deposition  location  -0.05w  from  leading  edge  of  wedges  and  0.58w  above  leading  edge  for  60,  70,  80, 
90, 100,  and  1 10  ps  delays,  2 g  =  1 .14w,  and  b  ~  2.2 w 
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Figure  6.12  Instantaneous  laser/argon  schlieren  time  sequence  of  laser  energy  deposition  at  215  mJ/pulse 
with  deposition  location  -0.05w  from  leading  edge  of  wedges  and  0.58w  above  leading  edge  for  120,  140, 
160, 180,  and  300,  ps  delays,  2 g  =  1 . 1 4w,  and  b  =  2.2w 
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Figure  6.13  Instantaneous  laser/argon  schlieren  time  sequence  of  laser  energy  deposition  at  215  mJ/pulse 
with  deposition  location  -0.02w  from  leading  edge  of  wedges  and  0.95  w  above  leading  edge  for  0,  10,  20, 


30, 40,  and  50  ps  delays,  2 g  =  1.14w,  and  b  =  2.2w 
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Figure  6.14  Instantaneous  laser/argon  schlieren  time  sequence  of  laser  energy  deposition  at  215  mJ/pulse 
with  deposition  location  -0.02w  from  leading  edge  of  wedges  and  0.95 w  above  leading  edge  for  60,  70,  80, 


90, 100,  and  110  ps  delays,  2 g  =  1.14w,  and  b  =  2.2w 
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Figure  6.15  Instantaneous  laser/argon  schlieren  time  sequence  of  laser  energy  deposition  at  215  mJ/pulse 
with  deposition  location  -0.02w  from  leading  edge  of  wedges  and  0.95  w  above  leading  edge  for  120, 130, 
160,  180, 200,  and  300  ps  delays,  2 g  =  1.1 4>v,  and  b  =  2.2w 
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Figure  6.16  Instantaneous  laser/argon  schlieren  time  sequence  of  laser  energy  deposition  at  215  mJ/pulse 
with  deposition  location  -1.3  lw  from  leading  edge  of  wedges  and  0.98iv  above  leading  edge  for  0,  2, 4,  6, 
8,  and  10  ps  delays,  2 g=  1.14w,  and  b  =  2.2w 
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Figure  6.17  Instantaneous  laser/argon  schlieren  time  sequence  of  laser  energy  deposition  at  215  mJ/pulse 
with  deposition  location  -1.31w  from  leading  edge  of  wedges  and  0.98w  above  leading  edge  for  12, 14,  16, 


18, 20,  and  22  ps  delays,  2g=  1.14w,  and  b  =  2. 2w 
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Figure  6.18  Instantaneous  laser/argon  schlieren  time  sequence  of  laser  energy  deposition  at  215  mJ/pulse 
with  deposition  location  -1 .3 1  w  from  leading  edge  of  wedges  and  0.98tv  above  leading  edge  for  24, 26,  30, 


40, 50,  and  60  ps  delays,  2 g  =  1.14w,  and  b  =  2.2 w 
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Figure  6.19  Instantaneous  laser/argon  schlieren  time  sequence  of  laser  energy  deposition  at  215  mJ/pulse 
with  deposition  location  -1.3  lw  from  leading  edge  of  wedges  and  0.98w  above  leading  edge  for  70  ps 
delay,  2 g  =  1.14w,  and  b  =  2.2 w 
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Figure  6.20  Instantaneous  laser/argon  schlieren  time  sequence  of  laser  energy  deposition  at  215  mJ/pulse 
with  deposition  location  0.59w  from  leading  edge  of  wedges  and  0.05w  above  leading  edge  for  0,  20,  40, 
60,  80,  and  100  ps  delays,  2 g  -  1.14w,  and  b  =  2.2w 
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Figure  6.21  Instantaneous  laser/argon  schlieren  time  sequence  of  laser  energy  deposition  at  215  mJ/pulse 
with  deposition  location  0.59w  from  leading  edge  of  wedges  and  0.05w  above  leading  edge  for  120, 140, 
160, 180, 200,  and  300  ps  delays,  2 g  —  1.1 4 vv,  and  b  =  2.2w 
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Figure  6.22  Mach  stem  heights  after  laser  energy  deposition  at  various  locations  for  symmetric  22° 
wedges,  2 g  =  1.14w  and  b  =  2.2w,  the  measurement  uncertainty  of  the  Mach  stem  height  is  ±10%  (the 
position  numbers  and  associated  energy  levels  are  noted  in  the  legend  and  correspond  to  the  numbers  given 
m  Figure  6.1)  6 
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Figure  6.23  Instantaneous  laser/argon  schlieren  time  sequence  of  laser  energy  deposition  at  215  mJ/pulse 
with  deposition  location  0.12w  upstream  of  leading  edge  and  0.47w  above  leading  edge  for  0,  10,  20,  30 
40,  and  50  ps  delays,  2g  =  1 . 1 9w,  and  b  =  4w 
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Figure  6.24  Instantaneous  laser/argon  schlieren  time  sequence  of  laser  energy  deposition  at  215  mJ/pulse 
with  deposition  location  0A2w  upstream  of  leading  edge  and  0.47 vv  above  leading  edge  for  60,  70,  80  90 
1 00,  and  1 1 0  ps  delays,  2g  =  1 . 1 9w,  and  b  =  4w 
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Figure  6.26  Instantaneous  laser/argon  schlieren  time  sequence  of  laser  energy  deposition  at  215  mJ/pulse 
with  deposition  location  0.1 2w  upstream  of  leading  edge  and  0.47w  above  leading  edge  for  220  ps  delay, 
2g  =  1 . 19w,  and  b  =  4w 
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Figure  6.27  Instantaneous  laser/argon  schlieren  time  sequence  of  laser  energy  deposition  at  215  mJ/pulse 
with  deposition  location  0.23 w  upstream  of  leading  edge  and  0.25w  above  leading  edge  for  120, 130,  140, 
1 60,  1 80,  and  200  ps  delays,  2 g=  1.1 9  w,  and  b  =  4w 
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6.3  Comparison  with  Computational  Model 


In  this  Section  the  experimental  schlieren  images  are  compared  to  the  computational  schlieren  images 
for  one  deposition  location.  The  tunnel  operational  parameters  for  the  experiment  are  listed  in  Table  6.5, 
and  flow  parameters  for  the  wedges  are  listed  in  Table  6.4.  Figure  6.28  through  Figure  6.35  give  the 
comparison  for  the  experimental  and  numerical  simulation  for  a  sequence  of  images  for  the  interaction  of 
the  laser  energy  deposition  upstream  of  symmetric  22  degree  wedges.  The  experimental  schlieren  images 
are  an  ensemble  average  of  5  to  10  images  taken  with  the  Strobotac  schlieren  system  (see  Section  3.2.1). 

The  computational  domain  is  3.5wx4wx2.2w  where  the  dimensions  are  for  the  streamwise,  vertical, 
and  spanwise  directions,  respectively.  The  Euler  simulation  was  performed  with  GASP.  [3]  Freestream 
boundary  conditions  were  applied  at  the  upstream  boundary.  Extrapolation  conditions  were  applied  at  the 
outflow  boundaries,  and  the  inviscid  slip  condition  applied  at  the  boundaries  of  the  wedges.  The  laser 
perturbation  was  modeled  as  a  spherical  temperature  variation  with  a  Gaussian  distribution  (see  Section 
2.3.2).  The  conditions  for  the  simulation  are  second-order  accuracy  in  space  and  second-order,  implicit 
relaxation  algorithm  m  time.  The  grid  resolution  is  such  that  there  are  1 1  to  12  grid  points  along  the  Mach 
stem  for  the  initial  steady  state  condition  for  the  Mach  reflection  in  the  shock  intersection  region. 

The  freestream  density  used  in  the  simulation  was  1.2  kg/m3  compared  to  the  freestream  value  of  0.66 
kg/m  used  in  the  simulation.  This  effectively  reduces  the  energy  level  of  the  laser  perturbation  used  in  the 
simulation.  Since  the  Euler  equations  are  used  and  the  laser  spot  is  modeled  as  an  initial  temperature  and 


pressure  perturbation,  then  all  the  dimensionless  dependent  variables,  e.g., 


u  v  w  p  p  T 

tt  9  tt  9  tt  9  j  >  and 

^00  f/co  U„ 


are  functions  of  the  following  dimensionless  independent  variables 


x  y  z 

TTT"* 


where  L  is  a  length  scale,  e.g.,  w,  the  wedge  length  shown  in  Figure  2.8,  and  the  parameters 


*4,  -j-’  and  Y  • 


The  temperature  distribution  is  defined  by  (see  Section  2.3.2) 
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4r»=w 


*  roP*cv 

The  temperature  distribution  used  in  the  simulation  is  defined  by 


(6.1) 


ATn 


3/2  3 

n  r0,  Ac.  CV. 


(6.2) 


where  the  subscript  c  indicates  the  values  used  in  the  computation.  The  computational  and  the 
experimental  densities  are  related  by 


Aoc  =  «/>«,,  =1.82Ao,  (6.3) 

where  the  subscript  e  refers  to  the  experimental  condition.  The  computational  temperature  perturbation 
will  then  be  given  by 


A  T0 

1 

tq 

Tx 

c  a 

Therefore,  the  effective  energy  perturbation  used  in  the  numerical  simulation  was  155  mJ/pulse. 
Measurements  made  of  the  blast  wave  speed  show  the  energy  level  to  be  approximately  130  mJ/pulse. 

The  computation  was  performed  in  two  steps.  First,  the  steady  state  solution  for  the  symmetric  wedges 
is  converged  with  the  simulation  conditions  corresponding  to  the  tunnel  test  conditions.  Next,  the  laser 
perturbation  is  applied  as  an  instantaneous  temperature  distribution  at  the  location  corresponding  to  the 
experimental  deposition  location.  The  pressure  distribution  for  this  region  is  then  determined  from  the 
ideal  gas  law  whereby  the  density  is  assumed  constant.  The  density  in  the  perturbation  region  is  assumed 
constant  according  to  mass  conservation.  The  mass  cannot  flux  out  of  the  region  during  the  instantaneous 
laser  perturbation.  For  the  steady  state  condition,  the  measured  Mach  stem  height  from  the  numerical 
simulation  is  within  2%  of  the  experimentally  measured  Mach  stem  height. 

As  seen  in  Figure  6.28,  from  0-10  ps  the  blast  wave  initially  propagates  outward  from  the  laser  energy 
deposition  region  and  the  spot  begins  to  move  downstream.  Note:  a  piece  of  tape  on  the  test  section 
window  is  used  to  block  the  flash  from  the  laser  spark  in  the  experimental  images.  This  piece  of  tape  is 
seen  as  the  dark  square  in  the  experimental  images.  The  flash  from  this  laser  spark  saturates  regions  of 
interest  in  the  Strobotac  generated  schlieren  images. 
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From  20-30  (is,  the  blast  wave  interacts  with  the  oblique  shock,  and  by  30  ps  the  thermal  spot  begins  to 
distort  the  bow  shock  forward.  This  perturbation  propagates  to  the  reflection  region  and  begins  to  decrease 
the  Mach  reflection  by  60  to  70  ps.  As  the  thermal  spot  moves  downstream  the  Mach  stem  continues  to 
decrease  due  to  the  thermal  interaction  and  the  upstream  blast  wave  interactions.  Both  the  experimental 
and  numerical  results  show  the  same  trends  of  the  Mach  stem  reduction.  However,  the  flow  perturbations 
are  much  larger  in  the  numerical  simulation.  Part  of  this  discrepancy  can  be  attributed  to  the  integral  effect 
along  the  spanwise  direction  of  the  experimental  schlieren.  The  numerical  images  shown,  are  center  plane 
images  and  have  not  been  integrated  in  the  spanwise  direction.  This  disparity  can  readily  be  seen  in  the 
images  from  60  -  100  ps.  There  are  other  factors  that  might  also  contribute  to  this:  1)  The  numerical 
simulation  is  an  Euler  model  and  does  not  account  for  viscous  effects.  The  experimental  data  definitely  has 
viscous  effects,  i.e.,  boundary  layer  growth  along  the  wedge  surfaces,  and  shear  layer  growth  downstream 
of  the  intersection  region.  2)  In  the  numerical  simulation,  the  energy  perturbation  is  a  simplified 
gasdynamic  model  with  spherical  symmetry.  It  does  not  include  any  plasma  effects,  as  well  as,  any 
geometrical  asymmetries  and  initial  vorticity.  Future  simulations  with  the  models  currently  under 
development  by  Kandala  and  Candler  [71]  will  determine  the  plasma  and  asymmetrical  effects.  3)  There  is 
no  turbulence  modeled  in  the  simulation.  There  is  turbulence  in  the  wind  tunnel  [136]  and  this  leads  to  the 
back  transition  to  the  Mach  reflection  after  the  perturbation  in  the  experimental  data.  4)  Lastly,  the  energy 
level  used  in  the  simulation  could  be  overestimated.  The  measurements  for  the  energy  deposition  levels 
give  an  upper  bound  (see  Section  4.3).  Blast  wave  measurements  in  quiescent  air  have  accounted  for  some 
of  the  energy  level  discrepancy  (see  Section  4.4).  Future  spectrographic  measurements  are  needed  for  more 
accurate  temperature  determination  within  the  energy  deposition  region  and  for  the  calibration  of  the 
energy  levels  used  in  the  models.  Note  that  these  spectrographic  measurements  will  also  aid  in  the 
verification  of  the  plasmadynamic  modeling  of  Kandala  and  Candler.  [71] 

The  Mach  stem  height  measurements  from  the  experimental  images  and  the  numerical  schlieren  images 
are  presented  in  Figure  6.36.  In  the  experiment,  the  Mach  stem  is  reduced  to  approximately  25%  of  its 
original  height,  and  then  resumes  its  initial  height  by  500  ps.  In  the  numerical  simulation,  the  Mach  stem  is 
transitioned  to  a  regular  reflection  and  remains  stable  for  simulation  times  out  to  230  ps.  The  simulation 
demonstrates  the  ability  of  the  laser  perturbation  to  effectively  transition  the  solution  of  the  Mach  reflection 
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to  the  regular  reflection  within  the  dual  solution  domain.  The  experimental  and  the  simulation  results  show 
a  definite  reduction  in  Mach  stem  height.  Furthermore,  the  simulation  effectively  transitions  the  Mach 
stem  to  a  stable  regular  reflection  within  the  dual  solution  domain. 


The  author  wishes  to  thank  Dr.  Hong  Yan  for  her  work  in  completing  the  numerical  simulations. 


270 


Table  6.5  Tunnel  operation  parameters  for  the  wedge  tests 


Mach  number 

Reynolds  number  based  on  wedge 
length,  w,  Rew=^^ 

Freestream  viscosity,  p 

Stagnation  pressure,  p0 
Stagnation  temperature,  T0 

Stagnation  density,  p0 

Freestream  temperature,  T 
Freestream  pressure,/? 

Freestream  density,  p 

Freestream  velocity,  V 
Freestream  speed  of  sound,  a 
Pitot  pressure,  p02 

Pitot  density,  p02 


3.45 

1.750xl06 

S^xlO-6-^ 

ms 

1.069xl06  Pa 
283  K 

13.162-^f- 

m 

83.7  K 
1.505xl04  Pa 

0.626-—- 

m3 

632.6  m/s 
183.4  m/s 
2.376  xlO5  Pa 

2.927 

m 
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Figure  6.28  Experimental  and  numerical  schlieren  comparison 
degree  symmetric  wedges  at  Mach  3.45  for  time  delays  of  0  and 


for  laser  energy  deposition  upstream  of  22 
10  ps 
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Figure  6.29  Experimental  and  numerical  schlieren  comparison  for  laser  energy  deposition  upstream  of  22 
degree  symmetric  wedges  at  Mach  3.45  for  time  delays  of  20  and  30  jis 


Figure  6.30  Experimental  and  numerical  schlieren  comparison  for  laser  energy  deposition  upstream  of  22 
degree  symmetric  wedges  at  Mach  3.45  for  time  delays  of  40  and  50  ps 
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Figure  6.31  Experimental  and  numerical  schlieren  comparison  for  laser  energy  deposition  upstream  of  22 

degree  symmetric  wedges  at  Mach  3.45  for  time  delays  of  60  and  70  ps 
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Figure  6.32  Experimental  and  numerical  schlieren  comparison  for  laser  energy  deposition  upstream  of  22 
degree  symmetric  wedges  at  Mach  3 .45  for  time  delays  of  80  and  90  ps 
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Figure  6.33  Experimental  and  numerical  schlieren  comparison  for  laser  energy  deposition  upstream  of  22 
degree  symmetric  wedges  at  Mach  3 .45  for  time  delays  of  1 00  and  1 1 0  ps 


277 


130  (is 


Figure  6.34  Experimental  and  numerical  schlieren  comparison  for  laser  energy  deposition  upstream  of  22 
degree  symmetric  wedges  at  Mach  3.45  for  time  delays  of  120  and  130  ps 
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Figure  6.35  Experimental  and  numerical  schlieren  comparison  for  laser  energy  deposition  upstream  of  22 
degree  symmetric  wedges  at  Mach  3.45  for  time  delays  of  140  and  150  ps 
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Time  after  perturbation,  t,  (us) 


Figure  6.36  Mach  stem  height  measurements  from  experimental  and  numerical  simulation  schlieren 

images  as  a  function  of  time  after  the  laser  energy  deposition  (the  uncertainty  in  the  measurements  is 
±10%) 


6.4  Summary 

An  experimental  survey  of  laser  energy  deposition  applied  to  the  symmetric  shock  structure  in  the  dual 
solution  domain  was  completed.  Off  centerline  laser  perturbations  showed  the  ability  to  reduce  the  Mach 
stem  height  of  the  Mach  reflection  within  the  dual  solution  domain.  The  Mach  stem  height  was  reduced  to 
25%  of  its  original  height  for  this  off-axis  energy  deposition.  Applications  of  the  laser  perturbation  on 
centerline  increased  the  Mach  stem  height.  Vortex  generation  downstream  of  the  Mach  stem  was  also 
observed  and  is  comparable  to  the  vortex  generation  created  by  laser  energy  deposition  upstream  of  a 
axially  symmetric  Mach  disk.  Numerical  simulations  were  compared  to  the  experimental  results  and  the 
same  trends  were  observed.  The  numerical  simulation  showed  the  complete  transition  from  the  Mach 
reflection  to  the  regular  reflection.  Furthermore,  the  transitioned  regular  reflection  remained  stable.  Due  to 
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turbulence  levels  within  the  wind  tunnel,  the  experimentally  reduced  Mach  stem  did  not  remain  stable  and 
transitioned  back  to  a  larger,  stable  Mach  stem  height. 

Three-dimensional  effects  were  experimentally  investigated  with  two  different  span  wedges.  The  laser 
energy  deposition  had  minimal  effect  on  the  Mach  stem  height  for  the  b  =  4w  span  wedges.  This  reduced 
effect  can  be  attributed  to  the  three-dimensional  Mach  stem  and  to  the  integral  effect  of  the  schlieren 
images.  In  contrast,  the  laser  energy  deposition  had  a  significant  effect  on  the  b  =  2.2 w  span  wedges.  The 
relation  between  the  localized  energy  deposition  to  the  wedge  span  should  be  investigated  further  to 
determine  the  three-dimensional  effects. 

Lastly,  numerical  simulations  with  better  estimates  of  the  energy  deposition  levels  should  be  made  and 
compared  to  the  experimental  data.  Future  spectrographic  measurements  will  also  provide  data  for  energy 
deposition  levels.  Additionally,  future  simulations  should  include  viscous  effects,  turbulence  modeling, 
and  asymmetries  in  the  deposition  region. 
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Chapter  7 

Electric  Arc  and  Laser  Energy  Excitation  of  Compressible 
Axisymmetric  Jet  Shear  Layer 

7.1  Overview  of  Shear  Layer  Tests 

Efficient  combustion  of  fuel  and  oxidizer  in  high  speed  flows  requires  a  threshold  of  mixing  between 
fuel  and  oxidizer  streams.  Shear  layer  perturbation  by  energy  deposition  provides  a  means  of  inducing 
large  scale  structures  in  the  shear  layer.  These  large  scale  structures,  in  turn,  would  promote  mixing  of  the 
fluids  on  either  side  of  the  shear  layer.  This  enhanced  mixing  would  lead  to  more  efficient  combustion. 

Two  energy  deposition  methods  (electric  arcing  and  laser  induced  optical  breakdown)  were  used  to 
force  and  control  compressible  mixing  layers  of  axisymmetric  jets.  The  energy  deposition  forcing  methods 
have  been  experimentally  investigated  with  the  schlieren  technique,  particle  image  velocimetry,  Mie 
scattering,  and  static  pressure  probe  diagnostic  techniques.  Two  jets  perfectly  expanded  with  nozzle  exit 
Mach  numbers  of  0.85  and  1.38  were  tested  and  examined  with  schlieren  imaging  for  electric  arc 
frequencies  ranging  from  1-18  kHz.  Similar  structures  were  observed  for  comparable  Strouhal  numbers 
between  the  subsonic  and  supersonic  jets.  The  Mach  1.38  jet  shear  layer  was  forced  with  a  single  pulse 
laser  energy  deposition.  The  large-scale  structure  forced  with  the  laser  perturbation  was  characterized  with 
schlieren  imaging,  measurements  of  the  velocity  and  vorticity  fields,  and  the  pressure  history.  The  core  and 
braid  regions  were  identified  and  correlated  with  the  pressure  data.  The  single  pulse  laser  perturbation  was 
demonstrated  as  an  effective  way  to  induce  large-scale  structures  in  a  compressible  shear  layer.  It  was 
demonstrated  that  the  laser  spark  (capable  of  40  mJ/pulse)  was  more  effective  at  inducing  a  large-scale 
structure  than  the  electric  arc  (capable  of  1  mJ/pulse)  in  the  compressible  shear  layer.  In  terms  of  the 
frequency  of  pulses,  the  laser  was  capable  of  pulsing  at  10  Hz,  and  the  electric  arc  was  capable  of  pulsing 
from  1-18  kHz. 
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Table  7.1  summarizes  the  tests  completed  in  this  study.  Most  of  the  emphasis  was  placed  on  the  Mach 
1.38  jet  since  the  enhancement  of  mixing  in  the  supersonic  case  was  the  primary  objective  of  this 
experiment. 

Table  7.1  Summary  of  axisymmetric  jet  shear  layer  perturbation  experiments 


Axisymmetric 
Nozzle  Mach 
Number 

Diagnostic 

technique 

Perturbation 

Method 

Energy 

Level 

(mJ) 

Pulse 

Frequency 

Experimental  Objective 

0.85 

schlieren 

0-15  kHz 

Electric  arc 

1 

0-  18kHz 

10  kHz 

Energy  level  and  pulse 

5 

frequency  effect  on 

3  Comp.  PIV 

10 

forcing  of  shear  layer 

1.38 

20 

Laser 

10  Hz 

2  Comp.  PIV 

schlieren 

40 

Temporal  evolution  of 
forced  structure 

Mie 

Pressure  probe 

7.2  Electric  Arc  Forcing 

The  first  task  in  investigating  the  arc  excitation  was  to  investigate  which  arc  pulse  frequencies  amplified 
the  growth  of  the  mixing  layer.  The  growth  of  the  mixing  layer  was  qualitatively  assessed  based  on  the 
schlieren  images  taken  for  varying  arc  pulse  frequencies.  These  results  could  then  be  compared  to  those  in 
forced  subsonic  jets.  To  accomplish  this  analysis,  schlieren  images  were  taken  for  a  range  of  arc  excitation 
frequencies  for  each  nozzle.  Schlieren  images  with  the  electric  arc  perturbation  are  given  in  Figure  7.1  and 
Figure  7.2  for  the  Mach  0.85  and  1.38  nozzles,  respectively.  Each  image  is  an  average  of  50  frames 
synchronized  to  the  excitation  pulse.  The  excitation  arc  pulse  is  located  in  the  left  shear  layer  just  above  the 
nozzle  surface.  Each  schlieren  image  is  oriented  with  the  test  nozzle  at  the  bottom  of  the  image  and  the  jet  flow 
direction  going  from  bottom-to-top.  The  knife  edge  for  the  schlieren  system  is  vertical  so  the  intensity  gradient 
is  observed  across  the  shear  layer  of  the  jet.  The  images  show  the  uniformity  of  the  flow  and  no  strong  shocks 
are  observed  for  the  supersonic  Mach  1.38  case.  The  tungsten  rod  (electrode),  described  in  the  Test  Apparatus 
Section  above,  can  be  seen  at  the  lower  left  of  each  image.  In  each  figure,  the  undisturbed  jet  is  shown  at  the 
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left.  Images  are  shown  with  increasing  arc  pulse  frequency  from  left  to  right.  The  spacing  in  the  perturbation 
to  the  shear  layer  decreases  as  the  arc  frequency  increases,  as  the  figures  clearly  show. 

The  non-dimensional  quantity  characterizing  the  forcing  frequency  to  the  shear  layer  is  given  by  the 
Strouhal  number  and  is  expressed  by 

_  fD 

»/>=—  (7.1) 

where/  is  the  frequency  of  the  disturbance,  D  is  the  characteristic  length  (the  diameter  of  the  nozzle  in  this 
case),  and  U  is  a  characteristic  speed  of  the  fluid  (here  it  is  the  magnitude  of  the  exit  velocity  of  the  jet). 

For  shear  layers  of  subsonic  jets  a  Strouhal  number  between  0.25  and  0.5  for  has  been  reported  as  the  most 
amplified  forcing  frequency.  [316]  For  the  Mach  0.85  jet,  all  frequencies  (see  Figure  7.1)  showed  some 
perturbation  to  the  shear  layer.  The  most  effective  frequency  for  amplifying  the  perturbation  to  the  shear 
layer  and  creating  the  largest  structures  occurs  over  a  range  of  4  to  11  kHz  corresponding  to  Strouhal 
numbers  of  0.22  to  0.49.  As  the  frequency  increases,  the  number  of  modes  increases,  but  it  appears  that  the 
structure  size  decreases.  At  the  lower  frequencies  a  disturbance  on  the  opposing  side  is  also  observed. 
This  gives  the  jet  core  an  overall  periodic  wave  structure. 

The  effect  of  the  forcing  is  reduced  for  the  Mach  1.38  jet,  as  would  be  expected  (see  Figure  7.2).  The 
compressibility  effects  reduce  the  size  of  the  structures.  The  same  periodic  wavy  jet  structure  is  observed 
as  seen  in  the  subsonic  jet,  however  the  supersonic  case  is  less  pronounced.  Between  pulses  the  flow 
travels  further  for  the  supersonic  shear  layer  giving  a  larger  separation  between  the  structures  when 
compared  to  the  subsonic  jet  forced  at  the  same  frequency.  The  first  structure  can  be  seen  in  each  of  the 
schlieren  images  for  the  differing  frequencies.  For  the  lower  frequencies  the  induced  structures  in  the  shear 
layer  are  isolated  until  they  grow  and  begin  to  interact  downstream.  For  the  Mach  1.38  jet  the  most 
effective,  long  lasting,  and  uniform  perturbation  seems  to  occur  between  10  to  18  kHz,  corresponding  to 
Strouhal  numbers  of  0.32  to  0.56.  The  large-scale  structures  in  the  Mach  1.38  jet  shear  layer  do  not  grow 
as  rapidly  as  the  structures  in  the  Mach  0.85  jet,  as  indicated  by  the  longer  streamwise  extent  of  the  jet  core 
for  the  Mach-1.38  jet.  The  periodic  wavy  nature  of  the  jet  (as  seen  at  Mach  0.85)  is  also  apparent  in  the 
Mach  1.38  jet  at  the  higher  forcing  frequencies,  though  the  magnitude  is  much  less.  The  arc-pulse 
generator  was  limited  to  20  kHz  and  1  mJ  of  energy  per  pulse.  To  induce  large-scale  structures  on  the  same 
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scale  as  those  forced  in  the  subsonic  case,  a  larger  energy  pulse  may  be  needed.  Martins  et  al  [87]  have 
used  a  glow  discharge  to  force  the  shear  layer  but  a  lower  Reynolds  number.  This  is  the  first  time  an  arc 
discharge  has  been  used  at  a  high  Reynolds  number  and  high  Mach  number. 

Figure  7.3  gives  the  three  Cartesian  contour  plots  of  the  components  of  velocity  with  the  u-v  vector 
field  overlay  (where  the  convective  rate  has  been  subtracted  from  the  v  component  in  the  vector  plots)  and 
the  z-component  of  vorticity  for  the  unperturbed  Mach- 1 .38  jet.  The  jet  is  perfectly  expanded  and  is  free  of 
any  shocks  (see  the  schlieren  image  for  the  unperturbed  jet  in  Figure  7.2).  The  coordinate  system  for  the 
P1V  data  is  oriented  such  that  the  Ay-plane  slices  through  the  core  of  the  jet  with  y  pointing  in  the 
streamwise  direction.  The  jet  flow  shown  in  the  PIV  plots  is  oriented  from  bottom-to-top  and  the  positive 
z-axis  points  out  of  the  page  (see  also  Figure  3.50).  The  PIV  data  ranges  from  3.5  to  8  diameters 
downstream  of  the  nozzle  of  the  jet.  The  z-component  of  vorticity  is  computed  from  the  averaged  velocity 
fields  and  is  given  by 


q  -d(v)  a(M) 

z  8x  dy 


(7.2) 


where  (•}  indicates  the  averaged  velocity  components.  The  averages  are  computed  from  an  ensemble  of 


500  instantaneous  PIV  data  sets.  The  core  velocity  ranges  from  400  m/s  at  the  bottom  to  370  m/s  at  the  top. 
The  isentropic  velocity  at  the  exit  of  the  jet  is  408  m/s.  The  x  and  z-components  of  velocity  are  less  than 
three  percent  of  the  core.  These  components  could  be  due  to  a  slight  tilt  in  the  PIV  sheet,  not  a  large 
enough  sample  for  the  averages,  and  PIV  inaccuracies.  The  vorticity  peaks  in  the  shear  layer  and  decreases 
in  the  streamwise  direction.  The  decrease  in  the  vorticity  is  directly  related  to  the  decrease  in  the  velocity 
gradients  in  the  streamwise  direction,  as  seen  in  the  u  and  v  components.  Furthermore,  the  linearity  of  the 
contours  in  they  direction  of  the  z-component  of  the  vorticity,  A,  show  a  linear  growth  of  the  mixing  layer 
in  the  streamwise  direction.  In  a  similar  manner,  Smits  and  Dussauge  [320]  describe  a  linear  growth  rate 
for  the  structures,  whereby  the  growth  of  the  structures  would  control  the  growth  of  the  mixing  layer, 
within  a  compressible  shear  layer  in  the  streamwise  direction. 

Figure  7.4  gives  the  contour  plots  of  the  x,  y,  and  z-components  of  velocity  with  u-v  vector  field 
overlays  and  the  z-component  of  vorticity  for  the  case  where  the  shear  layer  of  the  Mach  1 .38  jet  is  excited 
with  the  electric  arc  at  10  kHz.  The  v  component  in  the  vector  fields,  as  in  Figure  7.3,  has  the  convective 
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rate  subtracted.  The  same  axis  system  as  described  above  applies,  and  the  same  region  of  the  jet  is 
interrogated  with  the  PIV  system.  An  ensemble  of  500  phase-locked  PIV  fields  were  used  to  calculate  the 
averages  as  above.  They-component  shows  only  a  slight  perturbation  at y/D  =  5.5;  the  core  velocity  in  this 
region  decreases  by  5  percent.  The  impact  of  the  arc  forcing  is  more  visible  on  the  x-component  of 
velocity.  The  opposing  directions  of  u  on  either  side  of  the  structure  indicate  a  roller  structure  in  the  region 
of  y/D  =  5.5  -  7.  Little,  or  no  effect,  is  seen  in  the  z-component  of  velocity,  w.  The  confinement  of  the 
vorticity  component,  A,  appears  to  have  spread,  and  its  magnitude  within  the  shear  layer  decreased 
slightly.  Thus,  one  might  say  “a  larger  hammer”  is  needed  to  force  the  shear  layer. 
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Schlieren  images  of  electric  arc  shear  layer  perturbation  in  Mach  0.85  jet  (top  numbers  are  pulse  frequency  in  kHz  and  bottom  are  Strouhal  numbers) 
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Figure  7.2  Schlieren  images  of  electric  arc  shear  layer  perturbation  in  Mach  1.38  jet  (top  numbers  are  pulse  frequency  in  kHz  and  bottom  are  Strouhal  numbers 


Figure  7.4  Contour  plots  of  three  Cartesian  velocity  components  with  u-v  vector  field  overlays  (the  vector  fields  are  plotted  with  the  convective  velocity 
subtracted  from  the  v  component)  and  z-component  of  vorticity  for  the  Mach  1.38  jet  with  10kHz  lmJ  electric  arc  perturbation 
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7.3  Laser  Discharge  Forcing 

Figure  7.5  gives  a  time  series  of  schlieren  images  (same  vertical  knife  edge  orientation  as  used  for  the 
arc  forced  jets)  for  the  Mach  1.38  jet  perturbed  with  a  40  mJ  laser  pulse.  Of  course,  we  are  restricted  to  a 
single  energy  deposition  pulse  perturbation  to  the  shear  layer  in  terms  of  the  time  and  length  scales  of  the 
flow.  This  is  in  contrast  to  the  arc  perturbation,  whereby  the  interaction  of  several  pulses  could  be 
observed  due  to  the  higher  pulse  frequency  (see  Figure  7.2).  The  images  in  Figure  7.5  show  the  same  type 
structure  as  seen  in  Figure  7.1  and  Figure  7.2  except  here  there  is  only  a  single  pulse.  Note  that  the  block 
on  the  bottom  left  of  each  image  protects  the  camera  from  the  laser  discharge  flash.  The  blast  wave  and  a 
reflected  wave  from  the  laser  spark  can  be  seen  in  the  images  at  50  and  100  psec  of  delay.  As  the  large- 
scale  structure  travels  downstream,  a  secondary  structure  is  observed  to  develop  within  the  opposing  shear 
layer.  A  tertiary  structure  also  forms  below  the  primary  structure  on  the  forced  side.  These  secondary  and 
tertiary  structures  associated  with  the  single  pulse  are  also  observed  in  the  PIV  data  discussed  below. 

Figure  7.6  gives  the  u,  v,  and  w  velocity  components  and  the  A  vorticity  component  for  the  Mach  1.38 
jet  perturbed  with  a  single  laser  pulse  of  40  mJ.  Similarly,  the  vector  field,  u-v,  has  been  plotted  on  top  of 
the  contour  plots  where  the  convective  rate  has  been  subtracted  from  the  v  component  in  the  vector  field 
plots.  The  velocity  components  again  are  an  ensemble  average  of  500  phase-locked  instantaneous  velocity 
fields  at  220  usee  after  the  laser  perturbation.  The  vorticity  was  determined  from  the  averaged  velocity 
components  with  Equation  (7.2).  The  same  probe  region  is  used  both  with  and  without  perturbation  (and 
for  both  arcing  and  laser  sparking,  i.e.  y/D  =  3.5  —  8).  The  y-component  of  velocity,  v,  shows  the  large- 
scale  structure  extending  into  the  jet  core.  The  velocity  in  the  core  decreases  by  10  percent.  The  secondary 
structure  on  the  opposing  shear  layer  can  be  seen  below  and  to  the  right  of  the  larger  primary  structure.  A 
large  effect  of  the  laser  perturbation  can  be  seen  in  the  ^-component  of  velocity.  The  opposing  directions 
of  the  velocity  component,  u,  indicate  a  roller-type  structure  at  approximately  y/D  =  5.5  and  the  turning  of 
the  jet  core  around  the  structure.  The  z-component  shows  a  tilted  structure  with  opposite  sign  in  front  of 
and  behind  the  vortex  core.  However,  the  feature  is  fairly  weak  when  compared  to  the  magnitude  of  the  x- 
component  of  velocity.  There  appears  to  be  a  three-dimensional  swirl  where  the  flow  is  coming  out  of  the 
plane  behind  the  structure  and  into  the  plane  in  front  of  the  structure.  This  three-dimensional  effect 
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develops  from  the  initial  perturbation  and  evolves  as  the  core  velocity  flows  around  it.  The  vorticity 
component,  Q,  shows  the  field  to  be  thicker  in  the  region  of  the  large-scale  structure  and  with  a  lower 
magnitude  due  to  the  fact  that  the  shear  layer  has  large  velocity  change  over  a  smaller  region  compared  to 
the  smaller  roller  type  structure.  The  vorticity  plot  also  shows  the  secondary  structure  on  the  opposing 
shear  layer  lagging  behind  the  primary  structure  at  y/D  =  4.8.  The  magnitude  of  the  vorticity  component 
decreases  by  40  percent  from  the  isolated  vorticity  in  the  shear  layer.  A  third  structure  is  also  located  at 
y/D  =  4.  This  primary,  secondary,  and  tertiary  structure  formation  is  also  evident  in  the  schlieren  images 
(see  Figure  7.5). 

Figure  7.7  compares  the  y-component  of  velocity  and  the  z-component  of  vorticity  for  increasing  laser 
energy  deposition  pulses  ranging  from  5  to  40  mj/pulse.  Again,  the  contour  plots  of  the  y-component  of 
velocity  are  shown  with  the  u-v  vector  field  where  the  convective  rate  has  been  subtracted  from  the  v 
component.  The  size  of  the  large-scale  structure  increases  as  the  energy  deposition  level  increases;  the  size 
of  the  structure  increases  by  40  percent  when  the  energy  is  increased  from  5  to  40  mJ/pulse.  Moreover,  the 
size  of  the  structure  can  also  be  deduced  from  the  y-component  of  velocity  plots  as  indicated  by  the 
indentation  to  the  jet  core.  The  secondary  structure  is  not  as  evident  at  the  lower  energy  levels  on  the 
opposing  shear  layer.  The  tertiary  structure  lagging  behind  the  primary  structure  is  invariant  with  energy 
level  (at  y/D  =  4  for  this  interrogation  time).  For  the  energy-level  tests  the  plots  are  an  average  of  50 
images,  and  the  vorticity  component  was  determined  with  Equation  (7.2). 

Three  component  PIV  data  was  obtained  for  the  40  mj/pulse  laser  excitation  across  the  full  volume  of 
the  Mach  1 .38  jet  220  psec  after  the  excitation  pulse.  The  volume  of  velocity  data  was  created  by  2 1  planar 
fields  of  PIV  data  taken  across  the  jet  in  1-mm  increments.  The  planar  fields  were  phase  averaged  (50  for 
each  plane  location)  and  then  assembled  to  produce  the  volume  of  average  velocity  data  in  the  z  direction. 
Figure  7.8  shows  the  deformation  to  the  jet  core  due  to  the  laser  excitation  pulse  where  the  320  m/s 
isosurface  is  plotted.  The  large-scale  structure  is  located  at  y/D  =  5.  The  same  axis  system  is  used  as  for  the 
aforementioned  cases.  The  core  does  slightly  pinch  off  at  the  top  of  the  forced  structure.  The  structure 
extends  into  the  jet  core,  and  the  flow  in  the  core  moves  around  the  large-scale  structure  as  shown  by  the 
isosurface.  Figure  7.9  shows  the  magnitude  of  vorticity  (based  on  the  full  three-dimensional  velocity  field) 
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in  three  orthogonal  planes  across  the  jet  in  the  vicinity  of  the  forced  large-scale  structure.  The  magnitude 
of  the  vorticity  is  given  by 


Q  =  ^  +  q2+q2 


(7.3) 


where  the  z-component  of  vorticity  is  given  by  Equation  (7.2),  and  the  x  andy  components  are,  likewise, 


q  -  a(w)  5(v) 

*  dy  dz  ’ 


(7.4) 


and 


_d(u)  d(w) 
y  dz  dx 


(7.5) 


Note  that  the  vorticity  components  are  computed  from  the  averaged  velocity  fields.  Again,  it  is  observed 
that  the  vorticity  has  increased  outside  the  region  of  the  unperturbed  shear  layer.  This  extension  and 
amplification  of  the  vorticity  in  the  jet  region  is  a  direct  indication  of  the  size  and  location  of  the  large-scale 
structure.  The  increased  vorticity  in  this  region  would  also  indicate  increased  circulation  and,  thus, 
increased  mixing. 


Figure  7.10  shows  the  x-component  of  vorticity  across  three  orthogonal  planes  in  the  jet  at  220  ps  after 
the  laser  deposition.  This  component  shows  a  migration  out  of  its  normal  plane  due  to  the  formation  of  the 
large  scale  structure.  For  an  unperturbed  jet,  this  component  would  normally  be  confined  to  the  top  and 
bottom  of  the  jet  in  this  figure. 

Figure  7.11  shows  the  y-component  of  vorticity  across  three  orthogonal  planes  in  the  jet  at  220  ps  after 
the  laser  deposition.  Here  it  is  observed  that  the  large  scale  structure  induces  streamwise  vorticity  in  the 
jet. 


Figure  7.12  shows  the  z-component  of  vorticity  across  three  orthogonal  planes  in  the  jet  at  220  ps  after 
the  laser  deposition.  Like  the  x-component,  the  z-component  of  vorticity  is  developed  in  the  jet  due  to  the 
large  scale  structure.  For  an  unperturbed  jet,  this  component  of  vorticity  would  be  confine  to  left  and  right 
sides,  respectively  in  this  orientation  of  the  figure. 

Figure  7.13  through  Figure  7.17,  and  Figure  7.18  show  the  time  evolution  of  the  jet  with  the  40 
mJ/pulse  perturbation.  The  large  structure  induced  by  the  laser  energy  deposition  can  clearly  be  seen 
moving  downstream.  In  each  figure  the  column  corresponds  to  an  instant  in  time.  In  each  column  the  first 
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two  graphs  shown  are  the  u  and  v  velocity  component  contour  plot,  where  the  u-v  vector  field  plots  (where 
the  convective  rate  has  been  subtracted  from  the  v  component)  are  overlaid.  The  third  graph  is  the  z- 
component  of  vorticity  computed  from  the  velocity  data  with  Equation  (7.2).  In  this  case,  the  velocity  data 
is  an  average  of  50  PIV  phase-locked  images  at  each  time  step.  The  field  of  view  covers  y/D  =  1.4  -  6.8. 
The  last  image  shown  at  the  bottom  of  each  column  of  figures  is  a  corresponding  Mie  scattering  image. 
The  Mie  scattered  images  are  an  average  of  100  images.  Overlaid  with  the  Mie  scattering  images  are 
pressure  probe  locations  where  pressure  measurements  were  recorded.  The  sliding  bar  charts  at  the  right  of 
the  Mie  scattering  images  give  the  averaged  result  of  500  recorded  pressure  traces  where  the  pressure  is 
normalized  with  the  ambient  pressure.  Each  pressure  bar  chart  is  aligned  horizontally  with  the 
corresponding  probe  in  the  figures.  The  whiskers  on  the  bar  chart  indicate  the  ±  one  standard  deviation,  a, 
of  the  measured  pressure  fluctuations.  The  structure  is  also  observed  to  grow  as  it  travels  down  the  shear 
layer.  Moreover,  the  density  gradients  given  by  the  schlieren  images  correspond  to  the  PIV  data  and  the 
Mie  scattering  images  obtained  for  the  40  mJ  perturbation  (see  Figure  7.5).  For  each  diagnostic  the  large- 
scale  structure  created  by  the  laser  energy  deposition  can  clearly  be  observed  as  it  moves  within  the  mixing 
layer.  The  graphs  of  the  vorticity  show  that  this  large  structure  has  diffused  some  of  the  localized  vorticity 
contained  in  the  shear  layer  into  the  jet  core.  The  movement  of  this  vorticity  into  the  jet  core  can  be  seen 
with  greater  detail  in  Figure  7.9  where  the  full  vorticity  magnitude  is  shown. 

Three-dimensional  effects  are  also  observed  in  the  time  series  PIV  data.  As  noted  previously,  a 
structure  can  be  seen  to  form  on  the  opposing  side  of  the  shear  layer,  and  another  structure  is  also  observed 
lagging  the  initial  large-scale  forced  structure  on  the  same  side  where  perturbation  occurred.  These 
additional  structures  are  also  shown  in  the  schlieren  and  Mie  scattering  images.  The  convective  speed  of 
the  structure  was  measured  as  250  m/s  based  on  the  Mie  scattering  averaged  images  and  260  m/s  measured 
from  the  PIV  images.  These  observed  convective  rates  are  much  closer  to  the  theoretical  (220  m/s)  than  the 
empirically  determined  (342  m/s)  values  (see  Table  3.9).  The  empirically  determined  value  does  not  match 
well  for  this  large  forced  structure.  Furthermore,  this  convection  velocity  is  constant  over  the  observed 
times. 

In  addition,  the  large-scale  structure  grows  approximately  twice  in  size  based  on  the  vorticity  plots  from 
100  to  260  psec.  Likewise,  the  Mie  scattering  images  show  growth  in  the  large-scale  structure  as  more 
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moist  ambient  air  is  entrained  in  the  structure  due  to  its  increase  in  size.  The  velocity  plots  and  Mie 
scattering  images  also  show  the  formation  of  secondary  and  tertiary  structures  in  the  opposing  shear  layer 
and  forced  side  shear  layer  -  both  lagging  behind  the  primary  structure. 

The  pressure  plots  from  the  three  static  pressure  probes  show' a  minimum  when  the  cores  of  the  primary 
and  tertiary  structures  pass  the  probe  (see  also  Figure  7.18).  A  peak  pressure  is  observed  when  the  braid 
region  between  the  two  structures  passes.  Considering  the  model  of  the  large-scale  structure  as  presented 
by  Papamoschou  and  Roshko,  [318]  a  peak  in  pressure  in  the  braid  region  corresponds  to  the  stagnation 
point  created  as  the  two  streams  across  the  shear  layer  meet  in  a  frame  of  reference  translating  with  the 
structure.  The  minimums  in  the  pressure  traces  correspond  to  the  core  regions  of  the  large-scale  structures. 
Figure  7.18  gives  the  averaged  pressure  data  traces  for  the  three  vertical  pressure  probe  locations.  The  top 
plot  in  Figure  7.18  is  the  trace  for  the  upstream  probe;  the  middle  is  the  middle  probe,  and  the  bottom  plot 
is  the  downstream  probe.  The  probes  were  positioned  vertically  above  the  laser  perturbation  location.  The 
traces  giving  the  ±a  for  the  pressure  data  are  also  shown  on  the  plots.  For  reference,  the  times  of  100,  220, 
and  260  psec  are  highlighted  on  the  plots  and  correspond  to  the  time  interval  for  the  sequence  of  PIV  data 
and  Mie  images,  the  delay  time  of  the  volumetric  data,  and  laser  energy-level  data  discussed  above.  Time 
at  zero  corresponds  to  the  perturbation  initiation.  The  average  convective  velocity  of  the  stagnation  point 
(based  on  the  peak-to-peak  pressure  data)  is  257  m/s  -  in  close  agreement  with  the  other  measurements 
from  the  Mie  scattering  images  and  the  PIV  data.  Table  7.2  summarizes  the  various  convective  velocities 
based  on  the  theory,  and  the  measurements  made  in  this  series  of  experiments.  The  data  for  the  convective 
speed  from  these  experiments  does  not  correlate  with  the  empirically  derived  formulation  of  Murakami  and 
Papamoschou  [98]  given  by  Equation  (2.42).  Their  empirical  formulation  was  base  on  data  obtained  with  a 
coaxial  jet  apparatus.  In  addition,  for  increasing  convective  Mach  number,  the  data  used  for  the  empirical 
fit  showed  considerable  spread  and  poor  correlation  with  the  fit.  In  the  data  presented  here,  the  convective 
rates  show  better  agreement  with  the  theory  of  Papamoschou  [104]  given  by  Equation  (2.41). 

Table  7.2  Comparison  of  convective  velocity  for  forced  large-scale  structure 


Theory  (m/s) 

Measurement  (m/s)  ! 

Eq.  (2.41) 

Eq.  (2.42) 

PIV 

Mie 

Pres. 

220 

342 

260 

250 

257 
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Figure  7.8  Deformation  of  jet  core  due  to  40  mJ  laser  excitation  pulse  (320  m/s  velocity  magnitude 
isosurface) 
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Figure  7.9  Vorticity  magnitude  in  jet  220  \is  after  40  mJ  laser  excitation  pulse 
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Figure  7.11  The  ^-component  of  vorticity  at  220  us  after  40  mJ  laser  excitation  pulse 
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Figure  7.12  The  z-component  of  vorticity  at  220  ps  after  40  mJ  laser  excitation  pulse 
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Figure  7.16  Temporal  evolution  of  the  x-component  of  velocity,  u ,  y-component  of  velocity,  v,  and  z- 
component  of  vorticity,  ,  correlated  with  Mie  scattering  images  and  pressure  probe  data  at  220  -  240  pis 
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Figure  7.17  Temporal  evolution  of  the  x-component  of  velocity,  u ,  y-component  of  velocity,  v,  and  z- 
component  of  vorticity,  Qz,  correlated  with  Mie  scattering  images  and  pressure  probe  data  at  260  \is 
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Figure  7.18  Vertical  pressure  probe  (upstream,  middle,  and  downstream)  traces  and  correlation  with  large- 
scale  structures 
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7.4  Summary 

A  method  of  forcing  and  controlling  supersonic  mixing  layers  has  been  demonstrated  in  Mach  0.85  and 
1.38  axisymmetric  jets.  Two  types  of  excitation  were  investigated:  a  multi-pulse  electric  arc  and  a  focused 
laser  beam.  The  most  amplified  frequency  for  the  electric  arc  forcing  was  found  to  be  in  the  same  range  as 
for  subsonic  jets.  Although  the  arc  provided  some  perturbation  to  the  flow,  the  energy  was  found  to  be  too 
low,  especially  for  the  Mach  1.38  jet,  to  have  a  dramatic  impact  on  the  flow  structure.  Single  laser  pulse 
excitation  was  effective  creating  a  large-scale  structure  containing  well-defined  core  and  braid  regions,  as 
shown  with  the  velocity  and  static  pressure  measurements.  This  structure  contained  a  primary  vortex  with 
an  elongated  secondary  structure  separated  by  a  stagnation  point  in  a  frame  of  reference  moving  at  the 
convective  velocity.  Particle  image  velocimetry  data  was  obtained  for  the  flow  field  and  used  to  describe 
the  structure  of  the  perturbed  shear  layer.  This  information  was  collaborated  with  quantitative  pressure 
data  and  with  qualitative  schlieren  images.  The  laser  perturbation  is  an  effective  means  of  inducing  a  large- 
scale  structure  in  a  compressible  shear  layer. 
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Now  I  lay  me  down  to  sleep 
I  pray  the  Lord  my  soul  to  keep 
May  angels  watch  me  through  the  night 
and  wake  me  with  the  morning  light 

Unknown 


Chapter  8 
Conclusion 


8.1  Key  Discoveries 

The  objectives  of  this  research  effort  were  to  explore  the  realm  of  using  energy  deposition  to  control 
various  compressible  flow  phenomena  in  a  localized  manner.  Specifically,  energy  deposition  was  applied 
to  the  mitigation  of  the  adverse  Edney  Type  IV  shock/shock  interaction  upstream  of  a  blunt  body, 
modification  of  the  shock  structure  within  the  intersecting  shock  dual  solution  domain,  and  the  forcing  of 
large  scale  structures  in  a  compressible  axisymmetric  shear  layer. 

Initial  qualitative  and  quantitative  data  was  collected  for  the  laser  energy  deposition  into  quiescent  air. 
Precision  measurements  were  made  of  the  blast  wave  speed  as  a  function  of  various  energy  levels. 
Currently,  this  database  is  being  used  to  calibrate  the  numerical  models  of  Yan  et  al  [151]  and  Kandala  and 
Candler.  [71]  The  measurements  for  the  blast  wave  and  energy  levels  show  good  agreement  with  the 
spherical  model  of  Yan  et  al  [151].  The  pressure  probe  measurements  did  not  compare  well  with  the 
simulations  and  differed  by  40%.  The  non-intrusive  laser  deposition  measurements  by  Boguszko  et  al  [14] 
are  well  justified  and  will  provide  additional  model  calibration  data.  These  numerical  models  will  provide 
the  initial  conditions  for  the  more  complex  modeling  involved  with  laser  energy  deposition  upstream  of  the 
blunt  body  and  for  the  intersecting  shocks. 

One  objective  of  this  research  effort  was  to  demonstrate  the  feasibility  of  reducing  the  peak  pressure 
(and,  ultimately,  peak  heat  transfer)  associated  with  the  Edney  IV  shock  impingement  condition  through 
the  use  of  laser  energy  deposition.  The  steady  state  surface  pressure  measurements  had  excellent 
correlation  with  steady  state  Euler  simulation  results.  For  the  unsteady  flow  associated  with  the  laser 
perturbation,  surface  pressure  measurements  show  a  40%  decrease  in  surface  pressure  during  the  50 
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microsecond  thermal  spot  interaction  time  as  observed  for  the  case  of  a  sphere  in  Mach  3.45  flow  with 
varying  levels  of  energy  deposition  upstream  of  the  bow  shock.  The  laser  excitation  pulse  width  is  10 
nanoseconds  versus  the  50  microsecond  transient  effect  on  the  flow.  Surface  heat  transfer  measurements 
were  made  for  the  Mach  3.45  sphere  as  well.  Excellent  time  response  and  sensitivity  were  demonstrated 
with  the  thin  film  gauges.  The  gauges  were  able  to  measure  the  heat  transfer  associated  with  the  radiation, 
blast  wave,  and  thermal  interaction  associated  with  the  laser  energy  deposition. 

The  peak  surface  pressure  associated  with  the  Edney  IV  interaction  was  reduced  by  30%  momentarily 
by  the  flow  perturbation  created  by  the  upstream  laser  discharge.  However,  the  experiments  did  not  show 
the  desired  effect  of  reducing  the  heat  transfer  by  perturbing  the  flow  with  energy  deposition. 

In  terms  of  the  crossing  shock  investigation,  experiments  show  a  reduction  of  the  Mach  stem  by  80% 
for  asymmetric  laser  energy  deposition  upstream  of  the  shock  structures  generated  by  22°  x  22°  wedges  at 
Mach  3.45.  Qualitative  comparisons  were  made  between  numerical  and  experimental  schlieren  images  and 
general  agreement  between  the  two. 

A  method  of  forcing  and  controlling  supersonic  mixing  layers  has  been  demonstrated  in  Mach  0.85  and 
1.38  axisymmetric  jets.  Two  types  of  excitation  were  investigated:  a  multi-pulse  arc  and  a  focused  laser 
beam.  The  most  amplified  frequency  for  the  electric  arc  forcing  was  found  to  be  in  the  same  range  as  for 
subsonic  jets.  Although  the  arc  provided  some  perturbation  to  the  flow,  the  energy  was  found  to  be  too 
low,  especially  for  the  Mach  1.38  jet,  to  have  a  dramatic  impact  on  the  flow  structure.  Single  laser  pulse 
excitation  was  effective  creating  a  large-scale  structure  containing  well-defined  core  and  braid  regions,  as 
shown  with  the  velocity  and  static  pressure  measurements.  This  structure  contained  a  primary  vortex  with 
an  elongated  secondary  structure  separated  by  a  stagnation  point  in  a  frame  of  reference  moving  at  the 
convective  velocity.  The  Mie  scattering  images,  PIV  data,  and  pressure  data  was  correlated.  The  laser  was 
effective  at  creating  a  large  scale  structure  in  the  axisymmetric  shear  layer. 

8.2  Areas  for  Further  Research 

The  following  discussion  suggests  areas  recommended  for  future  research  in  the  areas  of  laser  energy 
deposition  into  quiescent  air,  upstream  of  a  blunt  body,  upstream  of  the  crossing  shocks,  and  into 
compressible  shear  layers. 
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Asymmetric  deposition  volumes  need  to  be  investigated  to  study  the  effects  of  the  asymmetric  plasma 
formation  process.  The  vortex  ring  formation  due  to  the  asymmetric  formation  process  needs  to  be 
quantified  and  numerically  modeled.  The  vorticity  could  then  be  developed  as  an  initial  condition  in 
simpler  model  and  included  in  the  initial  conditions  for  the  future  modeling  of  energy  deposition  into 
complex,  high  speed  flows.  The  effect  of  the  vorticity  on  the  flow  structures  in  the  high  speed  flows  could 
then  be  characterized.  The  non-intrusive  measurements  of  the  flow  properties  are  well  justified  and  will 
provide  for  further  verification  and  validation  of  the  model  development  effort.  Both  models  and 
experiments  for  multi-pulse  depositions  should  be  made.  Initial  investigative  results  were  obtained  for 
double  pulse  depositions  in  the  heat  transfer  experiments.  In  addition,  density  effects  on  the  deposition 
process  should  be  characterized  by  study  the  deposition  in  lower  density  gases.  This  could  be 
accomplished  by  conducting  blast  wave  experiments  in  the  supersonic  facility.  Here  the  laser  absorption 
process  could  be  characterized  for  the  deposition  into  the  lower  density  air  within  the  test  section. 

Follow-on  experiments  are  needed  for  the  shock  impingement  test  cases  with  the  shock  generator 
outside  of  the  test  section  boundary  layer.  This  presents  a  major  challenge  because  of  the  operational 
starting  limitations  of  the  wind  tunnel.  However,  by  removing  the  oblique  shock  generation  from  the 
boundary  layer,  a  more  stable  shock  impingement  location  can  be  obtained.  Fluctuations  to  the  shock  from 
the  boundary  layer  can  be  separated  from  induced  controlled  perturbations.  The  deposition  location 
upstream  of  the  sphere  with  the  shock  impingement  should  be  moved  higher  so  that  the  thermal  spot  does 
not  impact  the  sphere.  These  tests  would  indicate  if  the  spot  can  effectively  perturb  the  embedded  jet  due 
to  the  Type  IV  interaction  enough  to  reduce  the  peak  heat  transfer  loads.  Different  Mach  number  and 
higher  stagnation  temperature  flows  should  be  tested  with  the  laser  energy  deposition  to  determine  Mach 
number  effects  and  the  effectiveness  of  reducing  heat  transfer  at  higher  surface  heat  flux  conditions. 

The  laser  energy  deposition  tests  need  to  be  conducted  in  a  quiet  facility  to  determine  the  ability  of 
transitioning  to  a  reduced  Mach  stem,  and  then  assessing  the  stability  of  this  Mach  stem,  or  regular 
reflection.  Further  experiments  (such  as  laser  sheet  lighting)  and  simulations  done  to  further  characterize 
the  three-dimensional  effects  of  the  laser  energy  deposition  on  the  shock  structures. 

In  the  area  of  the  jet  shear  layer  perturbations,  proper  orthogonal  decomposition  [61,  11,  130,  51,  20, 
31]  should  be  considered  to  analyze  the  induced  large-scale  structure  from  the  PIV  data  fields.  [108, 45] 
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This  list  could  go  on  indefinitely  as  there  seems  to  be  a  multitude  of  high  speed  flow  phenomena  where 
energy  deposition  might  be  applied.  The  research  summarized  in  this  dissertation  should  provide  some  of 
the  necessaiy  approaches  and  techniques  as  the  research  continues  in  this  exciting  field  of  high  speed  flow 
control. 
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